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AN ADVANCED THERMOELECTRIC
LIFE TEST AND EVALUATION STUDY
ABSTRACT
The tasks in this program involve diverse technologies and, con-
sequently, are reported as separate chapters in this report. Under Task I,
Development of Uniform Procedures for Tests and Meast.-:ements of Thermoelec-
tric Materials and Components, a comprehensive study of the theory of the
measurement of Seebeck coefficient, electrical resistivity, and electrical
contact resistivity has been completed. On the basis of these studies,
test apparatus have been designed and measurements have been performed in
order to optimize measurement procedures and empirically derive the pre-
cision limits associated with the technique. In addition, a comprehensive
study of life testing and efficiency measurement was performed which led
to the design of new measurement techniques. In the development of the
life-test and efficiency-measurement techniques, particular attention was
placed on the applicability of the derived experimental data to the pre-
t	 diction of RTC performance. The work performed under Task II, RTG Analysis
and Design, progressed to the point where the user-orientation of input/
output formats of the existing RTG computer program was completed. In
addition, the mathematical model used in the analysis was qualified by
performing a three-dimensional heat-transfer analysis of a typical gener-
ator design case. Theoretical thermopile performance data were incorpo-
rated into a typical RTG design in order to predict the output power and
efficiency of the system as a function of time. Under Task III, Thermo-
electric Materials Studies, the Seebeck coefficient, electrical resis-
tivity, and thermal conductivity have been measured for 2p-PbTe and
ii
3p-PbSnTe materials in "nonstandard" conditions. The nonstandard condi-
tions selected include oxygen-contaminated 2p-PbTe, copper-contaminated
2p-PbTe, and oxygen-contaminated 3p-PbSnTe. The experimental results
indicate that the overall figure of merit associated with each nonstan-
dard condition is significantly lower than that of normal 2p-PbTe and
3p-PbSnTe material. A similar relationship was observed on the power
factor of 2p-PbTe, whereas, the calculated power factor Eor 3p-PbSnTe is
relatively insensitive to the condition of the material. Under Task IV,
r:br i -ation and Testing of SiGe-PbTe Thermoelectric Couples, the optimu-n
sizes for the SiGe and PbTe segments were theoretically determined, eight
segmented* couples have been fabricated, installed into life-test fixtures,
and maintained on test for periods up to 3200 hr. The results of life
testing indicate that the use of pressure-contacted junctions at the SiGe-
PbTe interface provides acceptably low electrical contact resistance and a
high degree of mechanical stability. However, the surface of the tungsten
intermediate shoe adjacent to the PbTe usually became heavily oxidized
after 500-1000 hr on test, hence, increasing the resistance of the inter-
mediate junctions. The control of the formation of these oxide layers was
complicated by the presence of Fiberfrax thermal insulation which releases
Significant amounts of water vapor when operated at elevated temperatures.
The operating temperatures selected for life testing were 1200 K, 800 K,
and 300 K for the hot junction, intermediate junction, and cold junction,
respectively.
* The term segmenting refers to the thermal and electrical series operation
of the thermoelectric materials.
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INTRODUCTION
This is the final progress report issued under Contract
NAS5-10497 by Battelle's Columbus Laboratories to National Aeronautics
and Space Administration, Goddard Space Flight Center. Work under this
program was initiated December 28, 1967, and has been performed in four
tasks.
TASK I. DEVELOPMENT OF UNIFORM PROCEDURES FOR
TESTS AND MEASUREMENTS OF THERMOELEC-
TRIC MATERIALS AND COMPONENTS
The experience of thermoelectric systems contractors and experi-
mental investigators has indicated the need for uniform procedures for
tests and measurements of thermoelectric materials and components. In
this task, BCL has undertaken work which addresses itself to this need by
developing the measurement theory, accuracy, and precision limits which
must be considered in the specification of the test and measurement tech-
niques. Emphasis has been placed on the selection of "standards" (where
applicable) for the calibration of the experimental apparatus. The
establishment of a "standard" provides the laboratory reference necessary
for direct comparison of experimental results obtained by various research
groups. The test and measurement techniques investigated in this task
include Seebeck coefficient measurement, electrical-resistivity measure-
ment, contact-resistivity measurement, life testing, and conversion-
efficiency measurement.
-n
2TASK II. RTG ANALYSIS AND DESIGN
The existing version of the Generalized Seace Generator (GESPGN)
computer program, developed under NASA-Goddard Contract NAS5-9160 for the
weight optimization of radioisotope thermoelectric generators (RTG), has
been "user-oriented" to permit more efficient data input compilation and
output data reduction. The input data compilation and output data reduc-
tion have been simplified by (1) subdividing the input data into classes
of variables according to frequency of change, (2) compilation of a
"library" of permanent input data, (3) utilization of data generation
subroutines to minimize the amount of data input, (4) reorganizing the
tabular output according to logical classes of calculated data, and (5)
providing graphical display of selected parameters using "printer-plotting"
techniques. A three-dimensional heat-transfer analysis was performed to
verify the temperature distribution assumed in the formulation of the
analytical model. In addition, theoretical thermopile performance data
were incorporated into an RTG design in order to predict output power and
efficiency of the system as a function of time.
TASK III. THERMOELECTRIC MATERIALS STUDIES
A quantitative knowledge of the relationship of thermal conduc-
tivity to electrical properties for thermoelectric materials in "nonstandard"
conditions would greatly increase the present ability to predict performance
and/or explain the cause(s) of changing performance characteristics during
thermopile operation. In the present task, the study of the interrelationship
3of thermal and electrical properties has been restricted to 2p-PbTe
and 3p-PbSnTe thermoelectric materials in a total of three nonstandard
conditions, viz., oxygen-contaminated 2p-PbTe and 3p-PbSnTe and copper-
s	 contaminated 2p-PbTe.
TASK IV. FABRICATION AND TESTING OF SiGe-PbTe
THERMOELECTRIC COUPLES
Combining two or more thermoelectric materials is a technique for
achieving increased conversion efficiency since, by employing the proper
design, each material operates in its optimum performance temperature range.
The technique referred to as segmenting involves joining the thermoelectric
materials in series electrically and thermally. Joining PbTe and SiGe
materials in segmented element configurations is complicated by their widely
differing mechanical and physical properties. This program, based on tech-
nology developed under NASA-Goddard Contract NAS5-10185, is being undertaken
to continue long-term performance tests on selected SiGe-PbTe segmented
couple configurations operating in the temperature range 300 to 1200 K.
The ensuing chapters are identified by task and have been performed
by P. E. Eggers (Tasks I. II, IV), R. E. Best (Task II), and J. J. Mueller
r^
	 (Task III). The technical review of this report was performed by
M. Pobereskin.
4DISCUSSION
TASK I. DEVELOPMENT OF UNIFORM PROCEDURES FOR
TESTS AND MEASUREMENTS OF THERMOELEC-
TRIC MATERIALS AND COMPONENTS
Development of Seebeck Coefficient
Measurement Technique
Theory
A comprehensive study of the theory of the Seebeck coefficient,
*
supplemented by a survey of the literature 
(1-12) 
regarding various mea-
surement techniques, revealed that, in general, high-precision ani high••
accuracy measurements of the Seebeck coefficient can be achieved within
the framework of presently accepted techniques. It is well known that
the Seebeck coefficient, S, of thermoelectric materials is determined
**
most commonly from the potential difference , V, produced when the semi-
conductor is placed between two contacts with a known temperature differ-
ence (T 1 - T2 ). Based on the above parameters, the Seebeck coefficient
is defined by the following equation:
S (T) = (T V
1 - T2)
where T is the mean temperature of the specimen. Therefore, conventional
methods, i.e., the measurement of thermocouple and voltage probe emf values,
* See "Bibliography" at end of report.
** Commonly referred to as the Seebeck emf.
5were adopted in the measurement of the specimen temperatures (T l and T2)
and the Seebeck emf (V) with special emphasis on the refinement of these
methods.
The specific conclusions of this study were she basis for the
development of the Seebeck coefficient measurement technique and are
summarized below.
(1) The Seebeck emf can be assumed independent of the
temperature distribution within the thermoelectric
material and dependent only on the temperature at
the junctions only if the thermoelectric material
is chemically and physically homogeneous.
(2; The measured Seebeck emf is dependent on the chem-
ical and physical homogeneity of the voltage-tap
wires which lead to the potentiometer. 	 Likewise,
inhomogeneities in the thermocouple wires will
f -
result in erroneous temperature readings.
s
(3) The voltage taps and thermocouples should be posi-
tioned on the thermoelectric specimen so that heat
flow between the thermocouple and specimen is mini-
mized.
	
The flow of heat across the interface between
the thermocouple and specimen results in a tempera-
ture difference (hence, an error in the temperature
reading) whose magnitude is a function of the total
heat flow and the characteristic thermal contact
resistance of the interface.
6(4) The measurement of Seebeck coefficient using the
"fixed cold-junction, variable hot-junction" tech-
nique (integral technique) is usually less accurate
than the "fixed temperature difference, variable
mean temperature" technique (differential technique).
In the integral technique, a differentiation of
the data is performed to obtain the Seebeck coeffi-
cient, hence, small errors in the data which are
obtained from the plot of Seebeck voltage versus
temperature can lead to large errors in the deriva-
tive. In addition, compensation must be made for
inevitable changes in T  during the experiment.
(5) Large errors may result if current is allowed to flow
during the measurement of the Seebeck emf, V, since a
finite current flow produces an undesirable ohmic
contribution to the measured potential difference.
Sensitivity of Measurement Technique
A sensitivity analysis was performed in order to isolate the
major source(s) of error in the measurement of Seebeck coefficient.
The results of this theoretical analysis indicate that the error associ-
ated with the measurement of the temperature difference across the specimen,
i.e., the LET, is the dominant factor. As an illustration, the variation of
the theoretical accuracy limits of Seebeck coefficient measurement for
various LET values and thermocouple calibrations is presented in Table 1.
These limits are based on the characteristic accuracy of uncalibrated and
calibrated Pt-vs-Pt-Rh thermocouples and the voltage measurement error
7TABLE 1. THEORETICAL ACCURACY LIMITS FOR SEEBECK
COEFFICIENT MEASUREMENT FOR VARIOUS LT
VALUES AND THERMOCOUPLE CALIBRATIONS
)LET \S1(a ^\S2(b),
C percent percent
20 20.6 9.13
30 13.7 6.13
40 10.3 4.53
50 8.23 3.63
(a) L\Sl corresponds to (1) uncalibrated Pt-vs-Pt-Rh
thermocouples which typically exhibit an inaccu-
racy of ±0.25 percent of the measured temperature
and (2) a digital voltmeter error of t6 µvolts
over the entire range of measurements.
(b) L\S2 corresponds to (1) calibrated Pt-vs-Pt-Rh
thermocouples which typically exhibit an inaccu-
racy of ±0.1 C over the temperature range 20 C
to 500 C and (2) a digital voltmeter error of
±6 µvolts over the entire range of measurements.
8associated with the digital voltmeter. The computed accuracy limits shown
in Table 1 suggest that maximum accuracy can be achieved by (1) maximizing
the temperature difference, i.e., the CT, across the specimen and (2)
calibrating the thermocouples nscd to determine the: 6T. It is noteworthy
that the relative calibration of the LET thermocouples is considerably
more critical than the absolute calibration. For example, two platinum-
vs-platinum-rhodium thermocouples taken from two separate lots of wire with a
rated inaccuracy of ±2 C would result in a pT measurement error(for LET
30 C)of —13 percent. However, it has been experimentally confirmed that
two platinum-vs-platinum-rhoditim thermocouples taken from the same lot
(at adjacent locations on a given spool of thermocouple wire) with a rated
inaccuracy of ±2 C would result in a pT measurement error (for pT = 30 C)
of nominally 0.1 percent. This significant reduction in error is attributed
to the localized uniformity of the thermocouple wire. Hence, the only con-
sequence of the thermocouple error in the latter case is the uncertainty in
the mean specimen temperature associated with the measured Seebeck coeffi-
cient value.
Design and Fabrication of Test Apparatus
The design of the Seebeck coefficient apparatus (see Figure 1) is
based on the above considerations and features (1) a hermetically-sealed
quartz test-fixture container insuring minimum environmental contamination
of specimen, (2) the use of platinum, platinum-rhodium thermocouples which
permit highly accurate temperature measurements and exhibit a high degree
of stability at elevated temperatures in the presence of environmental con-
tamination, e.g., oxygen, (3) the use of platinum emf leads since platinum
i
Al f,.
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is a universally accepted reference material for Seebeck emf measurements
and exhibits a high degree of stability at elevated temperatures in the
presence of environmental contamination, (4) the use of tungsten "voltage-
thermocouple" probes and specimen supports (see Figure 1) in contact with
the semiconductor surface to avoid "poisoning" the specimen, and (5) the
use of a high impedance (10 MC2) digital voltmeter to minimize current flow
in the specimen during Seebeck emf measurements.
One test fixture has been fabricated according to the above
specifications and is shown in Figure 2. This test fixture will be used
to (1) optimize the measurement parameters, e.g., the temperature drop
across the specimen (,^T) and specimen heatup rate and (2) empirically
derive the precision of the measurement technique selected.
Experimental Results
The Seebeck coefficient apparatus was subjected to pretest
qualification to (1) ascertain the adequacy of the hermetic seals, e.g.,
quartz-to-metal seals and 0-ring seal, and (2) ascertain the adequacy of
bond between the tungsten probe and the platinum-vs-platinum-rhodium
thermocouple. The hermetic seals were examined using a helium leak
detector and found to exhibit a lea', rate of less than 1 x 10 	 atm-cc/
sec (He). Prior to the installation of the PbTe element, the Seebeck
coefficient apparatus was evacuated to 2 x 10 5 torr and operated for
60 hr at —900 F. The Seebeck coefficient apparatus was disassembled and
an examination revealed that the bond between the tungsten probe and the
platinum-vs-platinum-rhodium thermocouple was unaffected.
* Consolidated Electrodynamic helium leak detector (Type 24-120B).
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Following the preliminary qualification tests, the Seebeck
coefficient measurements were initiated. The measurement apparatus and
instrumentation are shown in Figures 3. A total of 17 Seebeck coefficient
measurements have been performed on two 2p-PbTe elements (Specimens 1 and
2) over the temperature range 20 to 527 C. Seven measurements were per-
formed on Specimen 1 and ten measurements performed on Specimen 2.
In order to evaluate the effect on Seebeck coefficient measure-
ment of heat transfer between the specimen and the environment, six of the
measurements (on Specimen 1) were performed in argon (10-50 ppm 0 2 ) and
one measurement was performed in vacuum. Although the specimen operated
in vacuum was above 450 C for only 1 hr, a measurable increase in the
Seebeck coefficient above 300 C was observed in subsequent measurements.
In the seven Seebeck coefficient measurements performed on
Specimen 1, a LNT of —40 C was used in the specimen temperature range
20 to 300 C followed by a monotonically decreasing !^T value in the
range 300 to 500 C with a pT of _20 C at a specimen temperature of
500 C. An analysis of the measurements on Specimen 1 revealed that
measurements performed in argon yield results similar to the measure-
ment performed in vacuo, however, the exposure of 2p-PbTe to vacuum
conditions above 450 C for periods up to 1 hr appears to produce
measurable increases in the Seebeck coefficient (20 pv/C increase at
500 C).
Ten additional Seebeck coefficient measurements were performed
on Specimen 2 in argon (<10 ppm 0 2 ) since previous measurements performed
in vacuum adversely affected the stability of the electrical properties.
r
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An analysis of the experimental data gathered on Specimen 2 revealed
that:
(1) Using specimen heatup rates of 3 C/min or less
and digital voltmeter readout rates of —3
channels/7 sec, dynamic measurements can be
performed while introducing less than 1 percent
error into the measurement
(2) Measurements performed in commercial-grade argon
(nominally 10 ppm 0 2 ) above 500 C for periods up
to 1 hr appear to produce no significant change
in the Seebeck coefficient
(3) Reproducible measurements of Seebeck coefficient
were achieved using a LET of 45 C in the range
20 to 300 C followed by a monotonically decreasing
LET value in the range 300 to 500 C with a 
zff of
—30 C at a specimen temperature of 500 C.
The precision associated with the Seebeck coefficient measurement
technique discussed above was empirically derived by calculating the stan-
dard deviation associated with the ten sets of measurements performed on
Specimen 2. A total of 88 data points (obtained from ten sets of measure-
ments) were statistically treated in order to achieve a seventh degree
polynomial fit to the experimental data. The polynomial associated with
the Seebeck coeffic i ent measurements performed on Specimen 2 is given below:
S = - 17449.8 + 224.801 (T) - 1.22108 (T2)
+ 3.63893 x 10-3 (T3 ) - 6.42299 x 10 -6 (T4)
+ 6.72873 x 10 -9 (T5 ) - 3.88054 x 10-12 (T6)
+ 9.51399 x 10- 16 (T7).
15
The deviation of the measured values from the mean (as defined by the above
polynomial) is tabulated in Appendix I and results in a standard deviation,
a, of 1.683 microvolts/C, i.e., 68 percent of the data points lie in a
"scatter" band width of 1 a or ±1.683 microvolts/C and 95 percent of the
data points lie in a "scatter" band width of 2 a or ±3.366 microvolts/C.
The accuracy limits of the measurement technique described above
appear in Table 2 as a function of specimen temperature. These limits
were calculated (see Appendix II) based on (1) the use of calibrated Pt-
versus-Pt-Rh thermocouples with a relative inaccuracy of ±0.1 C and an
absolute inaccuracy of ±0.2 percent, (2) the use of a pT of 37 to 47 in
the range 20 to 300 r with the LET value monotonically decreasing to a
lower limit of 28.5 C at a specimen temperature of 500 C, and (3) the
use of an integrating digital voltmeter (Hewlett-Packard Model 2401C)
with microvolt resolution and a rated inaccuracy of ±6 mi,:rovolts over
the entire range of measurement.
The Seebeck coefficient measurement technique described above
has been selected as the optimum method based on the low level of the
theoretically derived precision limits and calculated accuracy limits.
The specifications for this measurement technique are summarized in
Appendix V.
At this point, candidate calibration standards were installed
in the test fixture in order to (1) qualify the calculated accuracy
limits and (2) establish a reference material suitable for use as an
interlaboratory "standard".
nt
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TABLE 2. THEORETICAL ACCURACY LIMITS FOR SEEBECK
COEFFICIENT MEASUREMENT TECHNIQUE FOR
VARIOUS LET VALUES AND ASSOCIATED
SPECIMEN TEMPERATURES
(a)TM	,
C
LT,
C (percent)
6S (b)
(microvolts /C)
100±0.3 36.8 ±4.18 ±4.94
200±0.5 46.7 ±4.07 ±7.00
300±0.7 44.7 ±3.73 ±8.53
400±0.9 37.2 ±4.28 ±11.62
500±1.1 28.5 ±5.50 ±16.73
(a) The uncertainty limits for the mean specimen tem-
perature TM are based on the inaccuracy of ice
bath thermocouple reference (±0.1 C) and the
absolute inaccuracy of the Pt-versus-Pt-Rh thermo-
couples (±0.2 percent).
(b) See Appendix II for details of Seebeck coefficient
error analysis.
Selection of Calibration Standard
A literature survey was performed in order to select materials
suitable for use as calibration standards for the Seebeck coefficient mea-
surement. The metals and semimetals surveyed and selected properties are
summarized in Table 3. Ideally, the "standard" should (1) be homogeneous
and reproducible, (2) be chemically and physically stable with respect to
time at temperature, (3) possess a Seebeck coefficient comparable to ther-
moelectric materials (50-200 pv/C), (4) possess a thermal conductivity
comparable to thermoelectric materials (,.0.02 watt/cm-C), (5) be operable
over a temperature regime comparable to that of thermoelectric materials,
and (6) resist the formation of surface oxide layers which may affect both
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the temperature measurement and the Seebeck coefficient of the surface
layer of the thermoelectric specimen.
None of the metals and semimetals included in the survey possess
all of the qualities listed above. Bism.th appears to be a suitable stan-
dard for room-temperature calibration and nickel or platinum may be suitable
for elevated-temperature calibration. The elemental metals are preferred
because of the assured purity and reproducibility although certain alloys
(e.g., Nichrome V) feature a significant reduction in thermal conductivity
and other alloys (e.g., Advance II) feature a significant increase in the
Seebeck coefficient.
Constantan 
*
(Advance) was tentatively selected as a "standard"
and was evaluated for use in the calibration of the Seebeck coefficient
apparatus. The measured values of the Seebeck coefficient of Constantan
are compared with the vendor-supplied data in Figure 4. The results of
these measurements indicate that (1) Constantan is suitable for use as a
calibration standard for Seebeck coefficient apparatus, (2) multiple
measurements (ten or more) may be necessary to obtain a representative
curve of Seebeck coefficient versus temperature based on the observed
scatter in the data, and (3) the deviation of the measured Seebeck
coefficient data from the reference data is in the range 0.5 to 4.5
pv/C which is in agreement with the deviation predicted based on preci-
sion measurements and accuracy calculations for thermoelectric specimens.
* Constantan specimen supplied by Driver-Harris Company, Harrison,
New Jersey.
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Development of Electrical-Resistivity-
Measurement Technique
Theory
A comprehensive study of the theory of the electrical resistivity
*
supplemented by a survey of the literature 
(13-21) 
regarding various measure-
ment techniques revealed that, in general, high-precision and high-accuracy
measurements of the electrical resistivity can be achieved within the frame-
work of presently accepted techniques. The electrical resistivity, p, of
thermoelectric materials is usually measure: by the well-known method of
passing a known current, I, through the specimen and measuring the voltage
drop between two probes on the specimen. The resistivity is then given by
the following equation:
p (T) = (V/I) T - (A/L) ,
where A is the measured cross-sectional area of the sample, L is the measured
distance between the probes measured parallel to the axis of the specimen,
and T is the specimen temperature. Therefore, conventional methods were
adopted in the measurement of the specimen temperature (T), current (I),
voltage drop (V), and dimensions (A and L) with special emphasis on the
refinement of these methods.
The specific conclusions of this study were the basis for the
development of the electrical-resistivity-measurement technique and are
summarized below.
* See Bibliography at end of report.
21
(1) The resistance at the junctions between the thermo-
electric specimen and the current electrodes is one
of the major sources of error in the measurement of
electrical resistivity.	 An excessive junction resis-
tance may result from insufficient area of contact
and/or barrier layers at the junction arising from
the difference in the contact potential between the
electrode material and the thermoelectric material.
(2) Significant errors may result from inhomogeneities
in the thermoelectric specimen since the current is
determined by the mean electrical resistivity over
t
the whole specimen cross section while the potentials
are determined by the surface layers.	 Ideally, the
equipotential surfaces are supposed to be planar and
{
normal to the axis of the specimen.
(3) Seebeck voltages resulting from thermal gradients in
the thermoelectric specimen may be the source of sig-
nificant errors when using direct-current resistance
measurement techniques. 	 The thermal gradients are
developed in thermoelectric materials when a direct
current is used (commonly referred to as Peltier
cooling).
(4) The contact resistance between the crystal grains of
a polycrystalline thermoelectric specimen will result
in significant errors if the working frequency is
above a certain threshold level.
22
(5) High-current fluxes will cause Joulean heating which
may result in errors in the measurement of specimen
temperature.
(6) The shape factor of the thermoelectric element has a
significant effect on the accuracy of the measurement
of electrical. resistivity since the current distribu-
tion is assumed unifo m and the current assumed
parallel to the axis of the specimen. Hence, for
specimens with L/A values as low as the order of unity,
the current distribution is uniform only when the
resistance between the specimen and the electrodes is
uniform or low over the entire area of the contact.
The anisotropy exhibited by certain materials, e.g.,
Bi 2Te 3 , requires even larger L/A values in order to
insure uniform current distribution and current flow
parallel to the specimen axis.
(7) Considerable errors may result from polycrystalline
specimens whose bulk material density is considerably
less than that of single crystal specimens. Specif-
ically, the individual semiconductor crystallites,
i.e., powder particles, are generally covered by a
surface layer whose electrical properties are si.g-
nificantly different from those in the interior of
crystallite. These surface layers may be due to .
slow diffusion of impurities or imperfections in or
out when the sample is not in equilibrium with its
atmosphere. Another cause of surface layer effects
^f :.'.:ire!
f,
i3
i
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is the presence of an electrical charge on the surface
of the crystallites balanced by a space charge of the
opposite sign in the material just beneath the surface.
For example, a positive surface charge often results
from reducing conditions in the atmosphere which is
balanced out by a negative space charge of conduction
electrons or by ionized acceptors. Consequently, the
material close to the surface becomes more n-type or
less p-type than the bulk material. Conversely, an
oxidizing atmosphere results in a surface layer which
is less n-type or more p-type than the bulk material.
A sensitivity analysis was performed in order to isolate the major
source(s) of error in the ;measurement of electrical resistivity. The results
of this theoretical analysis indicate the measurement error can be minimized
by (1) utilizing large specimen aspect ratios, i.e., ratio of the specimen
length (included between the voltage probes) to specimen cross-sectional area,
and (2) maximizing the operating current.
Design and Fabrication of Test Apparatus
The design of the electrical-resistivity apparatus (see Figure 5)
is based on the above considerations, and features: (1) a hermetically
sealed quartz test-fixture container insuring minimum environmental contam-
ination of the specimen, (2) the use of tungsten voltage probes and current
electrodes in contact with the semiconductor surface to avoid "poisoning"
the specimen and to provide a low-resistance junction between the specimen
and the current electrode, (3) the use of an a-c signal whose frequency is
high enough to minimize the effects of Peltier cooling on the temperature
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distribution of the specimen but whose frequency is law encugh to avoid
capacitive effects resulting frcri the polycrystalline nature of the
specimen, (4) the use of a low-current flux to minimize the effects of
Joulean heating on the temperature distribution of the specimen, and (5)
the use of platinum, platinum-rhodium thermocouples which permit highly
accurate temperature measurements and exhibit a high degree of stability
at elevated temperatures in the presence of environmental contamination,
e.g., oxygen.
One test fixture was fabricated according to the above
specifications and is shown in Figure 2.
Experimental Results
The electrical-resistivity measurements were performed in order
to determine (1) the voltage-probe separation yielding maximum reproduci-
bility of measurements, (2) the maximum specimen heatup rate (C/unit time)
which can be used without significantly affecting the accuracy of the mea-
surement, (3) the optimum frequency range for the a-c signal to minimize
Peltier cooling effects and capacitive effects in the specimen, and (4)
the optimum current minimizing Joulean heating effects but sufficiently
high to permit an accurate measurement.
A total of 12 sets of electrical-resistivity measurements were
performed cn a 2p-PbTe element (Specimen 2). All of the tests were per-
formed in an r.rgon atmosphere at a pressure of 3 psig. The results of
the first two sets of measurements (Runs 1 and 2) indicated 'Chat an
extraneous voltage was interfering with the measurement of the specimen
voltage since the empirically determined value of the electrical
f'^' t £p^';K ((^ iF ,y 'f k R + b^	 tA^ t}^91.
26
resistivity was 10 to 15 percent higher than expected. A close inspection
of the voltage-probe arrangement u Qed in these two measurements revealed
that a slight misalignment in the probes existed as illustrated by Probe B
in Figure 6. Ideally, the probe should be positioned such that the points
of contact coincide with the same voltage potential as illustrated by
Probe A in Figure 6. This misalignment of the probe ends results in a
potential difference between the points of contact and, consequently, a
circulating current flow within the "C"-shaped probe. The flow of current
across the junction of the voltage probe and the semiconductor can super-
impose significant extraneous voltages onto the specimen voltage measured
between the two sets of probes. The misalignment problem was corrected by
inserting a sheet (10 mils thick) of mica electrical insulation between one
side of the voltage probes and the specimen as shown in Figure 6. Subsequent
measurement indicated that this corrective measure had eliminated the
extraneous voltage encountered in earlier measurements.
Ten sets of electrical-resistivity measurements (Runs 3-12) were
performed which incorporated the modified voltage-probe attachment technique
discussed above. An analysis of the experimental data gathered from these
measurements revealed that:
(1) Using specimen heatup rates of 3 C/min or less
and digital readout rates of —3 channels/7 sec,
dynamic measurements can be performed while
introducing less than 1 percent error into the
measurement
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(2) Reproducible measurements of electrical resis-
tivity were achieved using a voltage-probe
separation-to-specimen cross-sectional area
ratio of 0.935 cm 1 (2.37 in.-1)
(3) The measured values of electrical resistivity
appear to be independent (within the limits of
experimental precision) of the signal frequency
in the range 100 to 1000 Hz for specimen temper-
atures of 20 to 500 C
(4) Measurements performed in commercial-grade argon
(nominally 10 ppm) at temperatures above 500 C
for periods up to 1 hr appear to produce no sig-
nificant change in the electrical resistivity
(5) Using a current flux of 1.5 amp/cm2 or less
results in a Joulean-induced specimen heatup
rate of <8 x 10 -4 C/sec at 20 C and <8 x 10-3
C/sec at 500 C.
The precision of the electrical-resistivity-measurement technique
discussed above was empirically derived by calculating the standard devia-
tion associated with the ten sets of measurements (Runs 3-12) performed on
Specimen 2. A total of 81 data points (obtained from the ten sets of mea-
surements) were statistically treated in order to achieve an eighth degree
polynomial fit to the experimental data. The polynomial associated with
the electrical-resistivity measurements performed on Specimen 2 is given
below:
r
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p	 - 176990 + 2894.45 (T)
20.2911 (T2 ) + 7.98969 x 10 -2 (T3)
1.93253 x 10 -4 (T4 ) + 2.9385 x 10 -7 (T5)
- 2.73859 x 10-10 (T 6 ) + 1.42887 x 10 13 (T7)
- 3.19541 x 10-17 (T8).
The deviation of the measured values from the mean (as defined by the above
polynomial) is tabulated in Appendix III and results in a standard deviation,
Q , of 24.5 pQ-cm, i.e., 68 percent of the data points lie in a "scatter" band
width of 1 a or ±24.5 pQ-cm and 95 percent of the data points lie in a
"scatter" band width of 2 a or ±49.0 pQ-cm.
The accuracy limits of the measurement technique described above
appear in Table 4 (Case I) as a function of specimen temperature. The
details of the electrical-resistivity error analysis appear in Appendix IV.
These limit3 were calculated based on (1) the use of calibrated Pt-versus-
Pt-Rh thermocouples with an absolute inaccuracy of ±0.2 percent, (2) the
use of a standard four-terminal resistor (Guideline Model No. 9221) with a
maximum error of less than ±0.03 percent, (3) the use of a precision a-c
power supply (Optimation, Inc. Model AC -15) with less than 0.05 percent
distortion and less than 1.5 milliwatts of noise, (4) the use of an inte-
grating digital voltmeter (Hewlett-Packard Mode] 2401C) in conjunction with
an a-c/d-c converter (Hewlett-Packard Model 2410B) with microvolt resolution
and a rated inaccuracy of ±(0.10 percent of reading + 0.05 percent of full
scale), (5) an operating current flux of 1.5 amp/cm 2 , and (6) a voltage-
probe separation to specimen cross-sectional area ratio, i.e., length/area
ratio of —1.0 cm-1.
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TABLE 4. THEORETICAL ACCURACY LIMITS FOR ELECTRICAL-
RESISTIVITY-MEASUREMENT TECHNIQUE AT VARIOUS
SPECIMEN TEMPERATURES AND FOR SEVERAL OPER-
ATING CONDITIONS
Lip, percent
Case I
	 Case II
	 Case III
(a)	
[I,
1.5 amp/cm2 	[^Jj = 3.0 amp[cmJ= 1.5 amp/cm
TM' C /A = 1.0 cm -1 	A = 1.0 cm-	 [L/A = 2.0 cm-1
	100±0.3	 ±10.5	 ±5.57	 ±4.44
	
200±0.5	 ±6.87	 ±3.98	 ±2.84
	
300±0.7	 ±4.90	 ±2.87	 ±1.72
	
400±0.9
	
±4.08
	
±2.44	 ±1.30
	
500±1.1	 ±3.64	 ±2.28
	
±1.19
(a) The uncertainty limits for the mean specimen temperature T M are based on the
inaccuracy of the ice bath thermocouple reference (±0.1 C) and the absolute
inaccuracy of the Pt-versus-Pt-Rh thermocouples (±0.2 percent).
The theoretically derived uncertainty limits associated with the
measurement technique discussed above were found to be undesirably large,
particularly at low specimen temperatures (100 to 200 C). Therefore,
accuracy limits were calculated based on two alternate measurement proce-
dures, viz., operating current flux of 3.0 amp/cm 2 and length/area ratio
of 2.0 cm 1 . The equations used in these calculations appear in Appendix IV
and the results are compared with the previously calculated accuracy limits
(see Table 4). The calculated limits appearing in Table 4 indicate that
acceptably low uncertainty limits can be achieved by performing measurements
at a current flux of 1.5 amp/cm 2 and a length/area ratio of 2.0 cm -1
 (Case III).
a	
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Similar gains in measurement accuracy may be realized by op-rating at the
original L/A ratio but at an increased current flux, viz., 3.0 amp /cm2
(Case II). However, it appears that Joulean heating effects become sig-
nificant above 1.5 amp/cm 2 since the equilibrium specimen temperatures
were found to be 28, 33, and 52 C for current fluxes of 0, 1.5, and 3.0
amp/cm 2 , respectively. The observed Joulean-induced temperature increase
is undesirable since it may result in significant errors in the measure-
ment of the mean specimen temperature, particularly if the pressure-
contacted specimen-electrode junctions exhibit high resistance relative
to the resistance of the specimen. Therefore, the electrical-resistivity-
measurement technique involving a current flux of ' 1.5 amp/cm 2 and a
length/area ratio of ..,2.0 cm -1 has been selected as the optimum method
based on the theoretically derived accuracy limits. Although larger
length/area ratios offer improved measurement accuracies, the specimen
may become (1) difficult to fabricate and/or install into the measurement
apparatus, (2) sensitive to surface defects as a result of small specimen
cross-sectional area, and (3) sensitive to inhomogeneities as a result of
the increased length of thermoelectric material located between the
;;oltage probes. The specifications for this measurement technique are
summarized in Appendix V.
Calibration of Electrical-Resistivity Apparatus
The calibration of the electrical-resistivity apparatus using
Constantan* and platinum** standards was performed in order to (1) qualify
* Constantan specimen supplied by Driver-Harris Company, Harrison, New Jersey.
** Platinum specimen procured from Engelhard Industries, Chemical Division,
Newark, New Jersey.
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the calculated accuracy limits and (2) establish a reference material
suitable for use as an interlaboratory "standard". The measured values
of the electrical resistivity of the Constantan standard are compared
with the vendor-supplied data in Figure 7. In this calibration run, the
ratio of voltage-probe separation to specimen cross-sectional area was
18.1 cm-1 . The results of the measurements on the Constantan specimen
indicate that (1) the measured values of resistivity appear to be
increasing monotonically with temperature at a rate slightly larger than
the vendor-supplied data indicate, and (2) the deviation of the measured
electrical-resistivity data from the reference data is in the range 1.5
to 8 percent. However, the reproducibility of electrical properties in
Constantan is inherently lower than that of pure metals, e.g., platinum.
In addition, Constantan is also undesirable from the standpoint that the
electrical resistivity is nearly independent of temperature, hence, pro-
hibiting the calibration of the temperature-measurement technique.
In order to confirm the trend observed above, viz., the monotonic
increase of the measured electrical resistivity at a rate slightly larger
than that of the reference values, an additional calibration run was made
using a platinum standard (99.995 percent purity). The ratio of voltage-
probe separation to cross-sectional area of this specimen was 2.84 cm 1.
The measured values of the electrical resistivity of the platinum standard
are compared with reference values and indicate that (1) platinum is
suitable for use as a calibration standard for electrical-resistivity
apparatus and (2) the measured values of resistivity correlate well with
published data with the deviation of the measured data from the reference
data in the range 1 to 6 percent. Based on the above results, platinum
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appears more suitable for use as a calibration standard because of its
availability in pure forms and its temperature-dependent electrical
resistivity which provides the data necessary for calibrating the tem-
perature-measurement technique.
Development of Electrical-Cantact-Resistivity-
Versus-Time-Measurement Technique
Theory
A comprehensive study supplemented by a s-rvey of the litera-
ture 
(14,15,22-26) 
regarding the electrical-contact-resistivity-versus-
time-measurement technique revealed that, in general, high-precision
measurements of electrical contact resistivity versus time can be
**
achieved within the framework of presently developed techniques	 The
electrical contact resistivity (for time-dependent studies), p c , of a
metal-semiconductor junction is measured by passing a known current, I,
through the specimen and measuring the voltage drop across the metal-
semiconductor junction, VJ , as well as the voltage drop across the bulk
material, V  (sez Figure 8 for a description of these parameters). The
contact resistivity is then given by the following equation:
PC = (VJ - Y VB) 	 I
where A is the measured cross-sectional area of the sample, X is the
length of semiconductor included between the pair of probes spanning
the junction, and Y is the length of semiconductor included between
* See Bibliography at end of report.
** Developed under AEC Contract W-7405-eng-92.
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FIGURE 8. SCHEMATIC OF CONTACT-RESISTIVITY-VERSUS-TIME APPARATUS
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the pair of probes spanning only the bulk semiconductor (see Figure 8).
Therefore, conventional methods were adopted in the measurement of
specimen temperature, current, voltage drop, and dimensions with special
emphasis on the refinement of these methods and the selection of measure-
ment conditions, e.g., current flux, test atmosphere, etc.
The specific conclusions of this study were the basis for the
development of the electrical-contact-resistivity-measurement technique
and are summarized below.
(1) Seebeck voltages resulting from thermal graaients
in the thermoelectric specimen may be the source
of significant errors when using direct-current
resistance-measurement techniques. The thermal
gradients are developed in thermoelectric mate-
rials due to direct-current-induced Peltier
cooling.
(^) High-current fluxes will cause Joulean heating
which may result in errors in the measurement
of specimen temperature.
(3) The shape factor of the thermoelectric element -
electrode composite has a significant effect on
the accuracy of the contact-resistivity measure-
ment since the current distribution is assumed
uniform and current assumed parallel to the axis
of the specimen. Hence, for voltage-probe
separations with length/area ratios as low as
the order of unity, the current distribution is 	 j
it
I
i
l
f
I
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uniform onlv when the resistance between the
specimen and the electrodes is uniform or low
over the entire area of the contact.
(4) The inaccuracy associated with the measurement of
voltage-probe separations may lead to large errors,
particularly if the magnitude of the separations
is small.
(5) Environmental contamination (e.g., oxidation) may
lead to significant errors since the objective of
this measurement is the evaluation of contact
resistivity and bulk resistivity as a function of
time.
(6) Significant errors may result from the sublimation
of the bulk semiconductor material and/or dopant
with a subsequent change in electrical properties
and/or specimen dimensions.
Design and Fabrication of Test Apparatus
The above considerations w::Le the basis for the development of
the elect rical-resistivity-measurement technique. The design of the mea-
surement apparatus is shown in Figure 5 and features (1) a hei !atically
sealed quartz test-fixture container insuring minimum environmental con-
tamination of the specimen, (2) the use of argon cover gas to minimize
sublimation effects in the thermoelectric materials, (3) the use of
tungsten voltage probes in contact with a semiconductor surface to
avoid "poisoning" the specimen as a result of chemical incompatibility,
38
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(4) the use of r.n a-c signal whose frequency is high enough to minimize
the effect of Peltier cooling on the temperature distribution of the
specimen but whose frequency is low enough to prevent the occurrence of
significant capacitive voltage components in the vicinity of the junc-
tion., and (5) the use of low-current flux to minimize the effect of
Joulean heating on the temperature distribution of the specimen, par-
ticularly in the vicinity of the junction.
Experimental Results
Electrical-contact-resistivity-versus-time measurements were
performed in order to determine (1) the voltage-probe separation yielding
maximum reproducibility of measurements, (2) the optimum frequency range
for the a-c signal to minimize Peltier cooling effects and capacitive
effects at the junction, and (3) the optimum current minimizing Joulean
heating effects but sufficiently high to permit an accurate measurement.
A total of five groups of electrical-contact-resistivity-versus-
time measurements have been performed on a 2n-PbTe element (Specimen 3)
which involved 138 individual sets of readings. All of the measurements
were performed in an argon atmosphere (3 psig) at a specimen temperature of
537 C (1000 F). A complete description of the electrical-contact-resistivity
apparatus used in these measurements has been reported previously. A sheet
of mica electrical insulation was inserted between one side of the specimen
and the three voltage probes to eliminate the extraneous voltages and per-
turbations in the current flux which arise from circulating currents in the
"C"-shaped tungsten probes.
F
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The objective of the first four groups of measurements (125 sets
of readings) was to empirically derive the precision of the technique over
a range of a-c signal frequencies (100 to 1000 Hz) and operating current
fluxes (1.5 to 3.0 amp/cm 2 ). An analysis of the experimental data gathered
from these measurements reveals that:
(1) Reproducible measurements of electrical contact
resistivity were achieved using a voltage-probe
separation-to-specimen cross-sectional area
ratio of 0.935 cm 1 (2.37 in.-1)
(2) No significant improvement in meas 2ment preci-
sion is achieved by increasing the current flux
from 1.5 to 3.0 amp/cm2 or by increasing the
signal frequency from 100 to 1000 Hz
(3) Based on the empirically derived precision, the
specimens temperature must be maintained within
0.5 C of the initial (reference) temperature in
order to ccmpare the contact resistivity measured
at time t with the initial value measured at
time t .
0
The precision of the electrical-contact-resistivity-measurement
technique discussed above was empirically derived by calculating the stan-
dard deviation associated with the variation in the measured contact resis-
tivity for each of the first four groups. The deviation of the measured
values from the mean is tabulated in Appendix I and results in standard
deviations ranging from 0.707 wQ-cm 2 to 2.047 µSS-cm2 , i.e., 68 percent of
f
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the data points lie in a "scatter" band width of 1 a or ±0.707 to ±2.047
PO-cm2
 and 95 percent of the data points lie in a "scatter" band width
of 2 Q or ±1.414 to ±4.094 µC1-cm2.
The objective of the fifth group of measurements ( 15 sets of
readings) was to measure the contact resistivity as a function of the
a-c signal frequency at a fixed current flux of 1.5 amp /cm2 . The
results of these measurements indicate that the contact -resistivity
value increases slightly with increasing a-c signal frequency (3.5:er-
cent increase in contact resistivity for a frequency increase from 100
to 1000 Hz). The observed increase in contact resistivity may be caused
by the polycrystalline nature of the pressed and sintered spe.imen since
the contact resistance between the crystal grains of semiconductors can
result in significant errors if the working frequency is above a certain
threshold level.
The results of the five groups of contact -resistivity measure-
I	 ments indicate that high precision can be achieved using (1) current fluxes
3	 of 1.5 amp/cm 2 , (2) a-c signal frequencies in the range 100 to 1000 Hz,
i
(3) voltage-probe separation /crass -sectional area ratios of 1 or greater,
(4) the use of a standard four-terminal resistor (Guideline Model No. 9221)
with a maximum error of less than ±0.03 percent, (5) the use of a precision
a-c power supply (Optimation, Inc. Model AC-15) with less than 0.05 percent
distortion, less than 1.5 milliwatts of noise, and an amplitude instability
of less than 0 . 01 percent, and (6) tae use of an integrating digital volt-
meter (Hewlett-Packard Model 2401C) in conjunction with an a-c/d-c con-
`	 verter (Hewlett-Packard Model 2410B) with microvolt resolution and a rated
inaccuracy of ±(0.10 percent of reading + 0.05 percent of full scale). The
specifications for the measurement technique are summarized in Appendix V.
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The calculation of the accuracy limits associated with the
measurement of eleccrical contact resistivity has not been included in
this study since this technique was developed only for measuring changes
in contact resistivity as a function of time. The accurate measurement
of contact resistivity can be accomplished, however, using the contact-
resistivity-traverse technique discussed below.
Development of Electrical-Contact-Resistivity-
Traverse-Measurement Technique
Theory
A comprehensive study supplemented by a survey of the litera-
ture 
(l4JPl5.V22-26)* 
regarding the electrical-contact-resistivity-traverse
technique revealed special methods would need to be developed to permit
the accurate measurement of low-contact-resistivity junctions (<140
p0-cm2 ). Conventional traverse techniques, which were the basis for the
development of the traverse technique discussed below, invL.ve  the m-_a-
surement of an a-c potential drop taken at small intervals on either side
of the metal-semiconductor junztion. In these measurements, one probe
remains fixed in position and the other is repositioned for each measure-
m it at small intervals along a line parallel to the longitudinal axis of
the sample. A typical plot of the resulting data appears in Figure VI-1
(Appendix VI). Because of the low resistivity of the metal electrode,
little, if any, discernible increase in potential drop is obuerved as
measurements are made with the movable probe at successively greater
distances from the fixed probe. Potential drop as a function of
* See Bibliography at end of report.
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distance into the semiconductor is measurable because of its higher
resistivity. The discontinuity in voltage drop, ^V, occurring at the
metal-semiconductor interface is a result of the contact resistivity
associated with that junction. The electrical contact resistivity,
PC) for the traverse-measurement technique is, hence, defined by the
equation:
__ DV
pc	 A I	 '
where A is the cross-sectional area of the specimen and I is the a-c
current used in the measurement. Since the current and the cross-
sectional area are maintained constant, contact resistivity is pro-
portional to the potential drop across the interface. Moreover, the
slope of the potential-drop curve in the semiconductor is proportional
to the semiconductor resistivity. This fact makes it possible in some
cases to identify alterations in semiconductor properties in the
vicinity of the junction such as might arise from bonding procedures
and other factors.
The specific conclusions of this study were the basis for the
development of the electrical-contact-resistivity-traverse technique
and are summarized below.
(1) Seebeck voltages resulting from thermal gradients
in the thermoelectric specimen may be the source
of significant errors when using direct-current
resistance-measuring techniques. The thermal gra-
dients are developed in thermoelectric materials
due to direct-current-induced Peltier cooling.
44
(2) High-current fluxes will cause Joulean heating
which may result in errors in the measurement of
the specimen temperature.
(3) The shape factor of the. thermoelectric element -
electrode composite has a significant effect on
the accuracy of the contact-resistivity measure-
ment since the current distribution is assumed
uniform and current assumed parallel to the axis
of the specimen when defining contact resistivity,
P C . Hence, for specimens with length/area ratios
as low as the order of unity, the current distri-
bution is uniform only when the resistance between
the specimen and the electrodes is uniform or low
over the entire area of the contact.
(4) The uncertainty associated with the actual location
of the metal-semiconductor junction (based on the
traverse increment sizr 	 ay lead to large errors,
particularly if the magnitude of the contact resis-
tivity is small.
(5) The shape of traversing probe tip and the pressure
applied during voltage measurement as well as the
brittleness of the specimen surface have a signifi-
cant effect on the lower limit of the traverse
increment size.
45
(6) Environmental contamination of the specimen and the
probes (e.g., oxidation) may lead to significant
errors caused by changes in the electrical proper-
ties of the specimen, changes in the planar contact
resistivity (especially pressure-contacted junc-
tions), and loss of electrical continuity across
the voltage-probe specimen interface.
Development of Measurement Technique
*
The above considerations were the basis for the development of
the electrical-contact-resistivity-traverse-measu ement technique. The
design of the measurement apparatus is shown schematically in Figure 10
and features (1) a hermetically sealed (0-ring) quartz test-fixture con-
tainer insuring minimum environmental contamination of the specimen, (2)
the use of tungsten voltage probes to avoid "poisoning" the specimen as
a result of chemical incompatibility, (3) the use of an a-c signal fre-
quency of 100 Hz which is high enough to minimize the effects of Peltier
cooling on the temperature distribution of the specimen but is low enough
to avoid capacitive effects resulting from the polycrystalline nature of
the specimen, (4) the use of a low-current flux (1.5 to 3.0 amp/cm 2 ) to
minimize the effects of Joulean heating on the temperature distribution
of the specimen and, in particular, the temperature of the metal-semi-
conductor junction, (5) the application of a calibrated spring-loading
s
	 pressure in the range 0 to 120 psi to permit the simulation of conditions
s
* Initially developed under AEC Contract W-7405-eng-92.
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typical of thermoelement operation in act , ial devices, and (6) the use of
two electrically independent traverse probes located on opposite sides
of the specimen in order to qualify the homogeneity of the metal-semi-
conductor junction.
Experimental Results
Electrical-contact-resistivity-traverse measurements were per-
formed in order to determine the magnitude of the traverse increment
yielding (1) maximum resolution of the location of the metal-semiconductor
L
	 junctior_, hence, the resolution of the contact-resistivity value while
(2) minimizing the specimen surface damage (local cracking, chipping, etc.)
resulting from insufficient separation between successive voltage-probe-
induced defects. The latter consideration in the optimization procedure
depends primarily on the density and p lastic :modulus of the specimen being
traversed. In addition, replicate traverse measurements will be performed
in order to empirically derive the precision of the measurement technique.
A total of ten sets of electrical-contact-resistivity-traverse
measurements were performed which involved 860 individual readings. The
junction under study contained tungsten pressure contacted to 2p-PbTe
(100-psi spring loading) and the traverse measurements were performed at
920 F (493 C) in argon at 3-4 psig. The type of junction and operating
i
conditions were arbitrarily selected in order to empirically determine
the reproducibility of the traverse-measurement technique. A signal
frequency of 100 Hz and a current flux of 1.5 amp/cm 2 were selected for
use in these traverse measurements based on the results of empirical
studies performed for the contact-resistivity-versus-time apparatus and
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the electrical-resistivity-versus-temperature apparatus. The traverse
increment size was minimized in order to minimize the uncertainty
associated with the location of the junction. However, surface defor-
mation of the semiconductor resulting from voltage-probe contact and
voltmeter resolution prohibit traverse increment sizes less than 5 mils.
The precision of this measurement technique was empirically
derived by calculating the standard deviation associated with the
observed variation about the mean of each of the individual measurements
comprising the voltage profile. These limits of variation together with
those resulting from the uncertainty associated with the actual location
of the metal-semiconductor junction resulted in a standard deviation of
±18.87 µf1-cm2 , i.e., 68 percent of the data points lie in a "scatter."
band width of 1 a or 18.87 µ41-cm2 . Likewise, 95 percent of the data
points lie in a scatter band width of 2 a or 37.74 µf1-cm 2.
Over 90 percent of the total observed scatter is the result of
the uncertainty associated with the loca*_inn of the metal-semiconductor
junction within the confines of a 5-mil increment (see Appendix VI,
Figure VI-1). However, this component was minimized by examining the
vicinity of the junction (aided by a microscope) at the completion of
the traverse measurement, thereby identifying the actual position of the
junction. The standard deviation associated with this modified measure-
ment procedure (including the posttest microscopic examination of the
junction) is ±1.87 µC1-cm2 , i.e., 68 percent of the data points lie in a
of
	
band width of 1 a or 1.87 µ0-cm2 . Likewise, 95 percent of the
2data points lie in a scatter band width of 2 v or 3.74 µ0-cm.
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Vie accuracy limits associated with the modified measurement
technique described above are ±3.3 percent or ±10.1 µC1-rm2 and we.-e
calculated based on (1) the use of a traverse increment of 5 mils, (2)
the use of calibrated Pt-versus-Pt-Rh thermocouples with an absolute
inaccuracy of ±0.2 percent, (3) the use of a standard four-terminal
resistor (Guideline Model No. 9221) with a maximum error of less than
±0.03 percent, (4) the use of a precision a-c power supply (Optimation,
Inc. Model AC-15) with less than 0.05 percent distortion and less than
1.5 milliwatts of noise, (5) the use of an integrating digital voltmeter
(Hewlett-Packard Model 2401C) in conjunction with an a-c/d-c converter
(Hewlett-Packard Model 2410B) with microvolt resolution and a rated
inaccuracy of ±(0.10 percent of reading + 0.05 percent of full scale),
and (6) the use of a microscope at completion of traverse in order to
accurately locate the position of the metal-semiconductor junction. The
details of the electrical-contact-resistivity error analysis appear in
Appendix VI and the specifications for the measurement technique are
summarized in appendix V.
Development of Life-Testing Technique
Theory
A comprehensive study of life-test-measurement techniques, i.e.,
the measurement of the output power of one or more couples as a function
of time, was performed. Particular attention was given to the applica-
bility of the derived life-test data to the prediction of RTG performance.
The results of this study revealed that, in general, the acquisition of
SO
meaningful life-test data cannot be achieved within the framework of
conventional life-testing techniques, viz., testing under conditions
of (1) constant cold- and hot-junction temperatures and (2) unknown
thermal input.
The specific conclusions of this study were the basis for the
development of the life-testing technique and are summarized below.
(1) Output power stability measured under conditions of
constant cold- and hot-junction temperature (thermal
input not monitored) is not applicable to the reli-
able prediction of RTG performance if the p-type
and/or n-type thermoelectric elements are undergoing
changes in thermal conductivity.
(2) Monitoring thermal input power using heat meters at
the hot end of the thermoelectric couple(s) is com-
plicated by the high hot-junction temperatures
(1700-1800 F) associated with the testing of SiGe
thermoelectric materials.
(3) Monitoring thermal input power using heat ureters or
c
heat-flux transducers at the cold end of the thereto-
electric couple(s) is practical only if heat losses
from the periphery of the thermoelectric couple are
lew and constant with respect to time.
(4) Monitoring thermal input power using electrical
input power measurements may be feasible if the
ratio of the heat flow through the thermoelectric
couple(s) to the total heat input can be maintained
iFF
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above about C.85 to 0.90. In addition, the para-
sitic heat losses would have to remain nearly
constant with time (less than 5 percent variation).
(5) The computation of couple output power, P. using
the relation P = V
oc	 oc
2 /4R (where V and R are the
measured open-circuit voltage and internal resis-
tance, respectively) may indicate lower output
power degradation than the computation at fixed
external load using the relation P = I•Vcc
(where I and V are the measured current and
cc
closed-circuit voltage).
(6) The use of volatile and/or reactive materials in
the life-test apparatus which are not otherwise
present in RTG systems may result in misleading
performance stability. For example, life testing
performed in fixtures employing graphite support
electrodes at the hot junction of the elements may
be actively "gettering" the oxygen from the ther-
moelectric elements and the atmosphere in their
vicinity and, hence, represent test conditions
signifi=antl.y different from normal operation in
RTC systems. However, getters and reducing atmos-
pheres may be effectively employed in life-test
experiments designed to isolate the cause(s) of
output power degradation, e.g., oxidation.
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(7) The electrical output power of an individual couple
(or an array of couples) operating at fixed cold-
and hot-junction temperatures will increase with
increasing parasitic heat losses from the periphery
of the thermoelectric elements. The increase in
the electrical output power is the result of a
decrease in the internal resistance caused by para-
sitic heat-loss-induced changes in the temperature
distribution along the length of the thermoelectric
elements.
The disparity between the two methods of output power computation
cited above is the result of the difference in the apparent external load.
Specifically, the output power derived from the computation of V oc2 AR
represents power delivered under conditions of matched load, i.e., internal
couple resistance equals external load resistance, whereas the output power
derived from the computation of I-V cc represents power delivered under con-
ditions of fixed external load, which is matched for either "beginning-of-
life" or "and-of-life" conditions. The magnitude of the difference between
these two methods is illustrated in Table 5. It is noteworthy that P1
always represents the "matched-load" operating condition, hence, the maxi-
mum output power of the couple. This calculation of output power is par-
ticularly useful for prediction of maximum output power at "end-of-life"
conditions, e.g., after 5124 hr on test, the maximum output power is 	 !
0.50 watt (see Table 5). However, the output power stability indicated
by the Voc2 AR calculation is not representative of actual RTG operation
in r,:aich the external load remains fixed and matches the internal
I53
resistance of the thermopile at only one point in time (usually at the end
of life of the RTG). In contrast, the output power, P 2 , represents the
power delivered to a fixed external load and its variation with time is
typical of that exhibited by an RTG system. The comparison of the nor-
malized output powers, 6P 1 and LP 2 , in table 5 illustrates the inadequacy
of the output power calculations based on the V oc2 AR relation for the
purpose of predicting performance stability. The a 2 values represent
the normalized power delivered to the external load and indicate a 3.3
percent decrease after 6124 hr on test in contrast to the LT  which
represent the normalized values of the maximum power available and indi-
cate no change after 6124 hr on test.
TABLE 5. COMPARISON OF SEVERAL COMPUTATION METHODS
FOR THERMOELECTRIC COUPLE OUTPUT POWER
BASED ON MEASURED PERFORMANCE, DATA(a)
2
__ Voc
P1	 '
_
P2 - I ^ Vcc'
P
1
P
2Hours
TC' C TH' C
4R a =
1	 Po
LAP	 -2	 Po
on Test R, mo watts watts
0 (b) 20 538 14.81 0.650 0.650 1.000 1.000
1081 20 538 12.98 0.685 0.673 1.05 1.035
3097 20 538 12.35 0.702 0.685 1.080 1.050
4108 20 538 12.48 0.675 0.649 1.040 1.001
5116 20 538 12.48 0.664 0.640 1.020 0.985
6124 20 538 12.84 0.650 0.629 1.000 0.967
(a) Couple composed of 3p-PbSnTe and 2n-PbTe operated in argon atmosphere.
(b) External load adjusted for peak output power, P o , initially.
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Design of Life-Test Apparatus
The design of the life-test apparatus, which was based on the
above considerations, is shown schematically in Figure 11 and features
(1) the measurement of output power stability under conditions of
constant thermal input power (regulated d-c input electrical power),
(2) monitoring cold-, intermediate-, and hot-junction temperature during
life test, and (3) computation of couple output power, P, using the
relation P = I • Vcc under conditions of fixed external load (where I and
Vcc are the measured current and closed-circuit voltage). In addition,
the thermoelectric couple may be encapsulated in a hermetically sealed
container in order to minimize the effect of oxidation and sublimation
on the output power stability of thermoelectric materials, particularly
PbTe. The specifications for the test atmosphere, materials used in test
fixture, electrical-measurement equipment, and test procedure are summarized
in Appendix V.
Development of Efficiency-Measurement Technique
Theory
A comprehensive stiidy of efficiency-measurement techniques, i.e.,
the measurement of the ratio of electrical output power of one or more
couples to their thermal input power, was performed. Particular attention
was given to maximizing the accuracy of the measurement while minimizing 	 T.
the complexity of the technique. The results of this study revealed that,
in general, high-accuracy measurements of conversion efficiency can be
achieved within the framework of presently accepted techniques. The
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conversion efficiency of one or more thermoelectric couples is usually
measured by the well known method of operating the couple(s) at a par-
ticular cold- and hot-junction temperature while monitoring the elec-
trical output power, P out (e), and the thermal input power, Pin(th).
The electrical output power is the product of the measured current flow
in the couple and the closed-circuit voltage of the couple. The thermal
input power is usually measured using heat meters at either the cold or
hot junction of the couple and often requires a complicated arrangement
of "guard rings" which are matched to the measured temperature profile of
the heat meter and, hence, minimize parasitic heat losses from the periphery
of the heat meter.
The specific conclusions of this study were the basis for the
development of the efficiency-measurement technique and are summarized
below.
(1) Monitoring thermal input power using heat meters
at the hot end of the thermoelectric coil s(s) is
complicated by the high hot-junction temperatures
(1700-1800 F) associated with the testing of SiGe
thermoelectric materials.
(2) Monitoring thermal input power using heat meters
or heat-flux transducers at the cold end of the
thermoelectric couple(s) may be practical if heat
losses from the periphery of the thermoelectric
couple are low.
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_	 (3; The use of a heat-meter calibration standard, e.g.,
Pyroceram 9606, would permit a more accurate:
assessment of parasitic heat losses and actual
'-	 thermal flux through the thermoelectric couple(s).
(4) The electrical output power of an individual couple
(or an array of couples) operating at fixed cold-
and hot-junction temperatures will increase tiith
increasing parasitic heat losses from the periphery
of the thermoelectric elements and, therefore,
these parasitic: losses should be minimized. The
increase in the electrical output power is the
result of a decrease in the internal resistance
caused by parasitic heat-lass-induced changes in
_i
	 the temperature distribution along the length of
the thermoelectric elements.
Design of Efficiency-Measurement Apparatus
The design of the efficiency-measurement apparatus was based on
the above considerations. This design closely resembles that of the life-
test apparatus (shown schematically in Figure 12) and features, (1) the
measurement of conversion efficiency under conditions of either constant
thermal input power or fixed hot- and cold-junction temperatures, (2) the
measurement of thermal input power using a thermal-flux transducer at the
cold junction of the thermoelectric couple, (3) the calibration of the
heat-monitoring transducer using a Pyroceram 9606 thermal conductivity
i
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standard in order Lo correct for parasitic losses through the thermal
insulation surrounding the thermoelectric couple), and (4) the computa-
tion of couple output power, P, using the relation P - I-V cc (where I
and Vcc are the measured current and closed-circuit voltage). The
specifications for the test atmosphere, materials used in test fixture,
electrical-measurement equipment, and test procedure are summarized in
Appendix V.
It is noteworthy that the above design for the measurement of
conversion efficiency does not include the use of a thermal "guarding"
technique which is conventionally employed to minimize parasitic losses
normal to the direction of heat flow. This is made possible through the
use of vendor-calibrated thermal-flux transducers in conjunction with a
well established thermal conductivity standard, viz., Pyroceram 9606,
whose dimensions, emissivity, and thermal conductivity are closely
matched to those of the thermoelectric couple to be tested. The elimi-
nation of thermal guarding simplifies the measurement of conversion
efficiency, particularly at the high temperatures associated with couples
containing SiGe (_1500 to —1700 F).
The accuracy of this measurement technique is principally a
function of (1) the error associated with the measurement of thermal
input power and (2) the ability to correct for unavoidable thermal
losses from the periphery of the thermoelectric couples. Based on
present information, the error associated with this efficiency-
measurement technique may be as low as 3 to 4 percent.
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TASK II. RTG ANALYSIS AND DESIGN
User Orientation of
Input/Output Formats
The user-orientation of the input format for the GESPGN (Generalized
Space Generator) computer program has been completed during this reporting
period. The input format has been modified to (1) eliminate the use of all
acronyms, (2) organize the input data into functional groups, e.g., radiator-
-'in inputs, thermopile inputs, fuel-form inputs, etc., (3) eliminate all
input-data values of a "subjective" nature, e.g., iteration delta functions
(increment size), iteration epsilon functions (tolerances), maximum number of
iterations permitted, etc., and (4) include a permanent library of optimized
radiator-fin parameters, viz., fin-length parameters, fin-thickness parameters,
and fin-weight parameters. The compilation of radiator-fin data includes the
parameters associated with magnesium, beryllium, magnesium M1A, magnesium
HM21A-T8, aluminum A356-T6, copper, and chromium-copper. The compilation of
other classes of input data (e.g., thermopile conversion efficiencies, ther-
mal conductiv"ties, etc.) into similar libraries would lessen the flexibility
of the computer program since these classes of inputs are subject to frequent
change as more reliable data become available. In addition, standard data
forms (see Appendix VII) have been drafted in order to simplify compilation
of input data.
The user-orientation of the output format for the GESPGN computer
program has also been completed during this reporting period. The output
format has been modified to (1) eliminate the use of acronyms, (2) organize
the output data into functional groups, e.g., dimensions, weights, heat
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losses, etc., (3) provide the option for either a detailed or abstracted
display of tabular output data, and (4) provide the option for a graphical
display of generator component weights versus radiator temperature or gen-
erator length. A "printer-plotter" subroutine was developed for the
graphical display of output data in order to minimize the complications
associated with the application of alternative graphical display techniques,
viz., the CALCOMP X-Y plotters. An example of the input/output tabular
format and "printer-plotter" appears in Appendix VIII. The detailed output
data in this sample display (following the Summary of Output Data) and
the printer-plot are optional and are specified in the input data.
The RTG computer program GESPGN has been translated from FORTRAN IV
(Control Data Corporation 6400 version) to FORTRAN IV (IBM 360/91 version) to
permit operation of the computer program at NASA-Goddard's computer center.
The final phase of the translation will be performed at NASA-Goddard's com-
puter center within the next few months. The delivery of the computer pro-
gram to NASA-Goddard will be subject to the results of the three-dimensional
heat-transfer analysis of the RTG (discussed in the following section) which
may suggest inadequacies in the present model and, hence, necessitate correc-
tions to the present computer program.
Heat-Transfer Analysis of
RTG Mathematical Model
The three-dimensional heat-transfer analysis of the RTG model
used in GESPGN was completed during this reporting period. The purpose
of this analysis is to compute the longitudinal temperature profile of
the generator model. In the analytical model of the computer program,
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this temperature was considered constant along the length of the generator.
This heat-transfer analysis was performed in two parts:
(1) The transverse temperature profile was calculated
for a cross section of a generator shell and
radiator located at the midpoint of the generator
length
(2) The longitudinal temperature profile was calcu-
lated for the heat source, generator shell, and
radiator fin.
The calculations of the transverse and longitudinal temperature
profiles were based on the analytical models shown in Figures 13 and 14.
The dimensions and thermal fluxes of the model are those of the minimum-
weight design case for a selected 250-watt(e) RTG. The following assump-
tions have been included in both heat-transfer analyses:
(1) The modes of heat transfer between any subregion
and the remainder of the model are radiation
and/or conduction
(2) The thermal fluxes incident on the inside surface
of the generator shell are calculated based on
PbTe thermoelectric modules operating between
800 K and 500 K and Min-K 2000 thermal insulation
(3) The thermal conductivity of the radiator fin and
generator shell was assumed to be 1.37 watts/cm-K
(Magnesium H21A-T8)
Thermal insulation
T/E modules —,_
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FIGURE 13. ANALYTICAL MODEL FOR THREE-DIMENSIONAL HEAT-
TRANSFER ANALYSIS OF RTG TRANSVERSE PROFILE
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(4) The generator was assumed to include five radiator
fins and five thermoelectric modules (each module
aligned with a radiator fin as shown in Figure 13).
(5) The radiator fin emissivity was assumed 0.90.
The thermal radiation interaction between any subregion and the
remainder of the RTG model, i.e., the configuration factors, were calcu-
lated using the CONFAC II computer program. These configuration factors
as well as the calculated thermal conduction coupling between adjacent
subregions, subregion surface areas, emissivities, and imposed thermal
fluxes comprise the input data for the heat-transfer computer program
^Ac
TASIB
The heat-transfer analysis of the transverse profile closely
approximates that of an infinitely long cylindrical generator since the
enhanced radiation interchange between the generator ends and space, i.e.,
"end effects", has been neglected. Consequently, the computed transverse
temperature distribution represents the "peak" radiator temperatures. The
results of the transverse profile analysis are to be used as guidelines in
establishing the dimensions of the nodal network for the longitudinal heat-
transfer analysis. The computed transverse temperature profile is shown in
Figure 15 and indicates that the choice of 0.5-cm generator shell thickness
is sufficient to insure nearly constant surface temperatures in the region
between adjacent radiator fins.
* Toups, K. A., A General Computer Program for the Determination of
Radiant Interchange Configuration and Form Factors - CONFAC II,
SID-65-1043-2, North American Aviation, Inc., October, 1965.
** Hultberg, J. A., Thermal Analyzer System - TASIB, Jet Propulsion
Laboratories, 1966.
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FIGURE 15. COMPUTED TEMPERATURE PROFILE FOR TRANSVERSE
PROFILE OF RTG (TEMPERATURE IN DEGREES K)
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The calculation of the longitudinal temperature profile was based
on the analytical mode'_ shown in Figure 14. The dimensions for the nodal
network, which subdivides the generator into "subregions" of nearly constant
,6T, are based on the results of the transverse profile analysis. Tile com-
puted longitudinal temperature profile is shown in Figure 16 and indicates
that (1) the choice of 0.5-cm generator shell thickness is sufficient to
insure a nearly constant longitudinal temperature profile for generators
possessing length-to-diameter (generator shell) ratios of 15 or less and
(2) the radiator fin-base temperature in the regions adjacent to the ther-
moelectric modules ranges from 492 K to 483 K (assuming end effects) as
compared with 484 K predicted by the radiator analysis used in the computer
program. The calculated output power of the RTG is reduced by approximately
1 percent because of the difference between the uniform temperature profile
assumed in the GESPGN computer program (484 K) and the profile predicted
from the results of the three-dimensional heat-transfer analysis (483 K -
492 K).
In addition to the generator shell and radiator fin heat-transfer
analyses, the longitudinal temperature profile of the heat source was cal-
culated. This heat-transfer analysis was performed in order to determine
the separation between adjacent thermoelectric modules (distributed along
the length of the heat source) resulting in heat-source peak surface tem-
peratures of less than 35 K above the assumed value. An excursion of 35 K
(in the region beta;, :en modules) above the assumed temperature profile of
the heat-source surface would result in less than a 0.3 percent increase
in the parasitic heat losses and can, therefore, be neglected. The results
of this analysis indicate that for a combined fuel tube - heat-source
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cladding thickness of 0.4 cm and radioisotope materials exhibiting low
thermal conductivity, i.e., less than 0.05 watt/cm/C, (1) module-to-
module separation should not exceed one heat-source diameter and (2)
module-t ,)-end-of-heat-source separations should not exceed one-half
heat--source diameter.
Based on the results of the above heat-transfer analyses, no
changes are required in the basic mathematical model used in the GESPGN
i
	
computer program. The computer program will be modified, however, to
i
	
indicate when the separation from end of module to end of heat source
exceeds one-half heat-source diameter.
1
Study
	
Output Power and Efficiency
I
	
of RTG System as a Function of Time
I
	
	
A study was performed in order to evaluate different approaches
to the prediction of RTG thermopile performance using theoretical and/or
f
	
empirical performance data. An examination of the possible modes of
I
	
thermopile degradation revealed that the required performance data could
be divided into the following three categories:
(1) Contact resistivity versus time at temperature
(2) Bulk thermoelectric properties (Seebeck coeffi-
cient, electrical resistivity, and thermal con-
ductivity) versus time dt temperature
(3) Radioisotopic decay rate.
I
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Data for the first and third category above can be readily
acquired and applied to the prediction of RTG performance using energy-
balance techniques* . However, the measurement of bulk thermoelectric
properties as a function of time at temperature is complicated by the
fact that (1) under fixed thermal-input conditions typical of RTG
operation, a change in the thermal conductivity of the thermoelectric
material results in a change in the hot-junction temperature of the
thermopile, hence, affecting the temperature-dependent degradation
rntc3 for the bulk thermoelectric properties and (2) the accurate mea-
surement of thermal conductivity as a function of time at temperature
under environmental conditions representative of actual RTG thermopile
operation is extremely difficult. In addition, the theoretical predic-
tion of thermopile performance based on individual measurements of
Seebeck coefficient, electrical resistivity, thermal conductivity, and
contact resistivity as a function of time at temperature for the case of
varying hot-junction temperatures (induced by changes in thermal conduc-
tivity) is a formidable analysis task incorporating many experimental
uncertainties. An alternative approach to the prediction of RTG thereto- 	 -
pile performance for the case of changing bulk thermoelectric properties
involves the direct measurement of the electrical output power and ther-
mal input power of the thermopile (single or multiple couples).	 yg
1
Sample calculations of RTG performance involving the above 	 -
4
three categories of degradation modes have been performed. These 	 j
* Computer program, OFF-OPT, was developed under USAEC Thermoelectric
Contract W-7405-eng -92, "Development of Segmented Thermoelectric
Modules Fabricated by Hot Isostatic Pressing".
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calculations were based on a 50-watt(e) RTG containing a PbTe (2n-PbTe and
2p-PbTe) thermopile with (1) an initial fuel inventory of 1000 watts(th),
(2) 10 percent parasitic heat losses, and (3) operating between 500 and
800 K initially. In this study, each of the three modes of degradation
were analyzed separately in order to determine their effect on the RTG
performance parameters.
Degradation Due to Contact-Resistivity Increase
The variation in hot-junction temperature and output power with
increasing electrical contact resistivity and constant thermal inventory
has been calculated using energy-balance techniques and is summarized in
Table 6. These calculations r;ere based on a...50-watt(e) RTG containing
a PbTe thermopile with (1) 10 percent parasitic heat losses, (2) no degra-
dation of bulk thermoelectric properties, and (3) the external load
matched to internal resistance at beginning of life, i.e., for contact
resistivity equal to !2no µCZ-cm2 . The results indicate that an increase
in contact resistivity is accompanied by an increase in the hot-junction
temperature and a decrease in the total electrical output power in the
presence of constant thermal inventory and nondegrading bulk thermoelec-
tric properties.
Degradation Due to Changes in
Bulk Thermoelectric Properties
The magnitude and the direction of change in the hot-junction
temperature and output power with degrading bulk thermoelectric properties
and constant thermal inventory will depend on the change in the thermopile
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thermal conductance with time. For example, the degradation of a thermo-
pile containing 3p-PbSnTe often results in (1) a decrease in the Seebeck
coefficient and electrical resistivity and (2) an increase in the thermal
conductivity of the bulk thermoelectric material. Under conditions of
constant thermal input, the thermopile would experience (1) a decreasing
hot-junction temperature, (2) a constant cold-junction temperature, and
(3) a decreasing electrical output power. However, the degradation of a
thermopile containing 2p-PbTe often results in (1) an increase in Seebeck
coefficient, (2) an increase in electrical resistivity, and (3) a decrease
in thermal conductivity. Under conditions of constant thermal input, this
thermopile would experience (1) an increasing hot-junction temperature,
(2) a constant cold-junction temperature, and (3) a decreasing electrical
output power. In the latter case, the increase in hot-junction temperature
will tend to offset the decrease in output power due to bulk material
degradation.
TABLE 6. HOT-JUNCTION TEI1TERATURE, THERMAL INVENTORY,
AND OUTPUT POWER AS A FUNCTION OF INCREASING
ELECTRICAL CONTACT RESISTIVITY
Electrical	 Output
Contact Resistivity,	 4Total'	 K	 Power,T
microhm-cm2	watts(th)	 Cold' K	 T Hot'	 watts(e)
200 1000 500 800.0 49.x1
500 1000 500 800.7 48.83
1000 1000 500 802.1 47.69
1500 1000 500 803.4 46.53
2000 1000 500 804.8 45.39
73
Degradation Due to Radioisotope Decay
The variation in the hot-junction temperature, cold-junction
-	 temperature, and output power with decreasing thermal input, i.e.,
decaying radioisotope heat source, has been calculated for a 50-watt(e)
t
RTG containing a PbTe thermopile and is summarized in Table 7. These
9
calculations were based on a. 50-watt(e) RTG containing a PbTe thermo-
pile with (1) an initial fuel inventory of 1000 watts(th), (2) 10 per-
cent parasitic heat losses, and (3) no thermopile degradation. The
results indicate that, for a 50-watt(e) RTG, the cold junction is
relatively insensitive (1 percent decrease) to a 10 percent decrease
in the thermal inventory while the hot-junction temperature and, par-
ticularly the electrical output power experience a significant decrease,
viz., 3.1 percent decrease and 15.2 percent decrease, respectively.
The above theoretical results serve as the rationale for the
design and development of a life-testing technique (Task I) which pro-
vides meaningful data with respect to the prediction of typical RTG
performance. Specifically, the results of this study indicate that
life testing should be performed under conditions of constant thermal
input or decaying thermal input (in order to simulate natural radioiso-
tope decay) since the hot-junction temperature, which is usually main-
tained constant in most life testing, tends to increase or decrease
depending on the mode of degradation.
F
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-	 TASK III. THERMOELECTRIC MATERIALS STUDIES
Material Selection and Preparation
Material Selection
The thermoelectric materials to be evaluated in nonstandard com-
positional conditions were chosen according to the following criteria:
(1) The thermoelectric alloy should be one notably
sensitive to the contaminants of an operating
couple environment
(2) The thermoelectric alloy should be one commonly
used for power generation and of a standard
'	 commercial grade.
Accordingly, the materials were selected to be of p-type,
specifically, 2p-PbTe and 3p-PbSnTe which are produced commercially by
Minnesota Mining and Manufacturing Company (3M). Two contaminants,
oxygen and copper, were selected as representative of contaminants
frequently cited as causes of unstable behavior of operating thereto-
elements. The following specific combinations of thermoelectric
material and contaminant were evaluated:
(1) 2p-PbTe - oxygen
1 (2) 2p-PbTe - copper
(3) 3p-PbSnTe - oxygen.
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Material Preparation
The thermoelectric materials used to prepare the "nonstandard"
conditions were commercially available formulations purchased in powder
form. The powder which was initially minus 100 mesh was screened to pro-
duce the following mesh fractions:
(1) Minus 100-plus 325 mesh
(2) Minus 325 mesh.
These mesh fractions were used either singularly or in blended
proportions to obtain the desired products which are discussed below.
The thermoelement specimens for property measurement were pre-
pared by cold-die pressing at 60 J.000 to 100,000 psi followed by sintering.
The elements were approximately 0.3 in. in diameter by 3/4 in. long. The
details of the formulation of the nonstandard conditions are discussed
below.
Oxygen Contamination
Oxygen was introduced into the element through the use of fine
powder (minus 325 mesh) ;.^ving a large amount of surface area with an
attendant large content of surface oxide. The amount of oxygen added
was varied by varying the amount of minus 325-mesh powder added to the
coarser (minus 100-plus 325) mesh fraction. Sintering was performed in
a nonreducing atmosphere to insure retention of the oxygen. The sintering
treatment was of 2-hr duration at 1200 F in argon in a Vycor chamber. The
elements produced in this manner were folnd to have stable electrical
properties during elevated-temperature measurements.
I	
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Initially, in order to assess the effects of oxygen, test speci-
mens were prepared with varying amounts of fine powder (minus 325 mesh).
The Seebeck coefficients were measured at a nominal temperature of 50 C
by means of the Seebeck probing apparatus described in Appendix III. The
resulting data for 2p-PbTe and 3p-PbSnTe are plotted in Figures 17 and 18,
respectively. The data show an increase in Seebeck coefficient with addi-
tions of fines in 2p-PbTe and a decrease for 3p-PbSnTe.
It should be noted that the effects attributed to oxygen from
addition of fines is confirmed by the fact that the 2p-PbTe properties
can be restored to normal levels by treatment in hydrogen. This is not
the case, however, for 3p-PbSnTe since the oxide formed is probably a
manganese oxide which is not reducible by hydrogen at the normal sintering
temperatures.
The selection of the specific additions of fines to be made to
the 2p-PbTe and 3p-PbSnTe for property characterization was made on the
basis of accumulated analyses made on couples oxidized during life testing.
Additions of 20 and 40 w/o minus 325 mesh were chosen for 2p-PbTe yielding
Seebeck coefficients (at 50 C) of approximately 50 and 100 percent higher
than that of the normal material, respectively. The addition for the
3p-PbSnTe was chosen to be 45 w/o on the basis of cursory resistivity
measurements. The resistivity at this level of addition was approximately
half that of the normal material at 500 C.
A group of six elements of each type were prepared according to
the procedures described above. No attempt was made to ascertain the
:t
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FIGURE 17. EFFECTS ON SEEBECK COEFFICIENT OF ADDITIONS
OF FINE POWDER TO COARSE 2p-PbTe POWDER
Weighed amounts of fines (minus 325 mesh) were added to
coarse 2p-PbTe powder and blended. The mixture was
green pressed then sintered 2 hr at 1200 F in an argon
atmosphere. The data show the effects of oxygen from
particle surfaces on the Seebeck coefficient.
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FIGURE 18. EFFECTS ON SEEBECK COEFFICIENT OF ADDITIONS
OF FINE POWDER TO COARSE 3p-PbSnTe POWDER
Weighed amounts of fines (minus 325 mesh) were added to
coarse 3p -PbSnTe powder and blended. The mixture was
green pressed then sintered 2 hr at 1200 F in an argon
atmosphere. The data show the effects of oxygen from
particle surface ot, the Seebeck coefficient.
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oxygen contents of these elements because of poor reproducibility in pre-
vious analyses. Alternate methods of analysis are being reviewed in an
attempt to achieve a direct analysis for oxygen content.
Copper Contamination
The level of copper addition made to 2p-PbTe was 0.1 w/o. This
amount was selected on the basis of accumulated analyses made on elements
poisoned during couple testing. The copper analyses determined spectro-
graphically were generally grouped about the 0.1 w/o level.
The copper contaminant was introduced by blending an accurately
weighed amount of copper powder into the 2p-PbTe powder before processing
into elements. The elements pressed from this mixture were sintered for
1 hr at 1200 F in hydrogen to produce sintering and diffusion of the copper
into the PbTe. It was necessary, however, to process the elements further
because the electrical properties were found to be unstable during the pre-
liminary elevated-temperature measurements. This instability was attributed
to inadequate distribution of the copper throughout the elements. To insure
homogenization of the copper, the elements were crushed and reprocessed as
above. The reworking of the material provided both mechanical and chemical
homogenization effects. The resulting elements were found to have very
stable electrical characteristics.
A group of six elements were prepared according to the procedures
described above. Figure 19 shows typical photomicrographs of the three
categories of materials in as-polished condition.
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The 2p-PbTe specimens exhibit rounded Bores typical of the pressed
and sintered product made from relatively fine powder. The specimen con-
taining 0.1 w/o copper contains a finely dispersed phase attributable to the
copper which is clearly evident at the particle boundaries. The 3p-PbSnTe
specimen shows clearly the combination of coarse and fine powder. The coarse
particles exhibit their characteristic irregular shape resulting from
cleavage fracture during comminution.
Characterization of Electrical Properties
The temperature dependence cf Seebeck coefficient and electrical
resistivity of the three types of elements were measured from room tempera-
ture to a minimum of 550 C. The equipment used to make the Seebeck coeffi-
cient and electrical-resistivity measurements has been reported previously.*
The Seebeck coefficient and electrical-resistivity-measurement techniques
under development in Task I of this program could not be implemented in
r
this task because of the concurrent nature of the two efforts. Argon was
used as a protective cover gas during measurements at elevated temperature.
Three or more measurements of both the Seebeck coefficient and electrical
resistivity were made on different elements from each group. These data
were used to calculate the average values for each group and to assess the
scatter of measured values among the group of elements. In general, the
scatter of the data within each group of elements was within acceptable
limits as will be apparent from review of the data given below.
* An Advanced Thermoelectric Component Development Program Final Summary
Report, February 18, 1966, Contract NAS5-9160, page 21.
-
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Oxygen-Contamina t ed 2p-PbTe
The Seebeck-coefficient and electrical-resistivity data for one
of the oxygen-contaminated conditions (40 w/o, minus 325 me¢b powder addi-
tion) of 2p-PbTe are summarized in Tables 8 and 9, respectively. Included
in these tables are the calculated average values and the maximum deviation
(in percent) of a single curve from the average curve at each 100 C incre-
ment of temperature. The maximum deviation from the mean value observed
was 6.1 percent.
The average values of Seebeck coefficient and resistivity are
plotted in Figures 20 and 21, respectively, with data for the 2p-PbTe in
both the normal and oxygen-contaminated conditions. These data show the
following:
(1) The Seebeck coefficients of the oxygen-contaminated
materials reach a higher maximum value than that of
the normal material and become intrinsic at a sig-
nificantly lower temperature as indicated by the
position of their maxima (from 350 to 400 C).
(2) The resistivity of the oxygen-contaminated materials
is significantly higher over the entire temperature
range. The resistivities range from two to four
times higher at about 450 C than that of the normal
material.
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TABLE 8. SEEBECK COEFFICIENT OF 2p-PbTe
CONTAMINATED WITH OXYGEN*
Seebeck Coefficient (microvolts /C)
Temperature (C)
Specimen 100 200 300 400 500
2230P2 145 232 305 316 233
2226P2 153 241 322 317 234
2227P2 150 241 318 304 214
Average 150 238 315 312 227
Maximum deviation
from average (%) -3.3 -2.5 -3.2 -2.6 -6.1
* Mixture of 60% minus 100 plus 325 mesh powder and 40% minus 325 mesh
powder.
TABLE 9. ELECTRICAL RESISTIVITY OF 2p-PbTe
CONTAMINATED WITH OXYGEN*
Resistivity (microhm-cm)
Temperature (C)
Specimen 100 200 300 400 500
2230P2 2000 6400 135,500 19,600 18,800
2226P2 2300 6900 14,800 20,500 19,850
2227P2 2050 6500 13,500 18,700 18,000
Average 2120 6600 13,950 19,600 18,900
Maximum deviation
from average (%) +5.6 +4.6 +6.1 t4.6 +5.0
* Mixture of 607. minus 100 plus 325 mesh powder and 40% minus 325 mesh
powder.
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FIGURE 20. SEEBECK COEFFICIENT OF OXYGEN
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FIGURE 21. ELECTRICAL RESISTIVITY OF OXYGEN-
CONTAMINATED AND NORMAL 2p-PbTe
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The calculated power factors (S 2 /p) for the oxygen-contaminated
and normal 2p-PbTe are compared in Figure 22. The power factors of the
oxygen-contaminated materials are depressed over most of the range from
100 to 500 C with the maximum difference from normal values occurring at
the higher temperatures. The average power factors over the range 100 to
500 C are 6.8, 8.7, and 15.6 ((volts/C) 2 /ohm-cm x 10 -6 ) for 2p-PbTe
containing 40, 20, and 0 w/o, -32\5 mesh powder, respectively.
Ox- Ren-Contaminated 32-PbSnTe
The Seebeck-coefficient and electrical-resistivity data for the
oxygen-contaminated condition of 3p-PbSnTe are summarized in Tables 10
and 11, respectively. Included in these tables are the calculated average
values and the maximum percent deviation of a single curve from the
average curve at each 100 C increment of temperature. The maximum devia-
tion from the mean property value is 6.0 percent for the Seebeck coefficient
and 2.3 percent for the resistivity.
The average values of each property are plotted in Figures 23 and
24 with data for 3p-PbSnTe in both the normal and oxygen-contaminated condi-
tion. These data show a general depression in values of both properties
over most of the range from 100 to 600 C. The resistivity data exhibit an
unusual dip in values at about 550 C which appears to be peculiar to this
material.
The calculated power factors (S 2 /p) for the oxygen-contaminated
and normal 3p-PbSnTe are compared in Figure 25. The average power factors
over the range 100 to 600 C are 8.3 and 9.2 (volts/C) 2 /ohm-cm x 10 6)
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FIGURE 22. POWER FACTOR AS A FUNCTION OF TEMPERATURE
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TABLE 10. SEEBECK CO.FFICIENT OF 3p-PbSnTe
CONTAMINATED WITH OXYGEN*
2255P3 59 84 113 143 167 168 166
2254P3 59 83 113 146 168 171 171
2256P3 59 87 116 145 170 173 168
Average 59 85 114 145 168 171 168
Maximum deviation
from average (%) t0 f2.3 +1.8 -1.4 +1.2 -1.8 +1.8
* Mixture of 55% minus 100 plus 325 mesh and 45% minus 325 mesh.
TABLE 11. ELECTRICAL RESISTIVITY OF 3p-PbSnTe
CONTAMINATED WITH OXYGEN*
Resistivity (microhm-cm)
Temperature (C)
Specimen 100 200 300 400 500 550 600
2257P3 940 1250 1700 2200 2500 2426 2600
2253P3 950 1250 1850 2325 2450 2450 2600
2254P3 950 1350 1875 2425 2575 2450 2600
Average 945 1285 1810 2315 2510 2440 2600
Maximum deviation
from average (%) t0.7 +5.2 -6.0 -5.0 +2.7 -0.7 t0
* Mixture of 55% minus 100 plus 325 mesh and 45% minus 325 mesh.
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FIGURE 25. POWER FACTOR AS A FUNCTION OF TEMPERATURE
FOR 3p-PbSnTe CONTAMINATED WITH OXYGEN
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for the oxygen-contaminated and normal materials, respectively. The power-
factor curves cross at about 450 C with the normal material having a lower
power factor between 450 and 600 C.
Copper-Contaminated 2p-PbTe
The Seebeck-coefficient and electrical-resistivity data for the
copper-contaminated condition of 2p-PbTe are summarized in Tables 12 and 13,
respectively. Included in these tables are the calculated average values
and maximum percent deviation of a single curve from the average curve at
each 100 C increment of temperature. The maximum deviation from the mean
property value is 9.7 percent for the Seebeck coefficient and 7.4 percent
for the resistivity.
The average values of each property are plotted in Figures 26 and
27 with data for 2p-PbTe in normal uncontaminated condition. These data
show effects which are smaller but similar to those produced by contamina-
tion with oxygen. The Seebeck coefficient is increased over most of the
temperature range with the material becoming intrinsic at a temperature of
about 400 C. The resistivity is increased over the entire range from room
temptrature to 550 C.
The calculated power factors (S 2 /p) for the copper-contaminated
and normal 2p-PbTe are compared in Figure 28. The power factor of the
copper-contaminated material is depressed over most of the range from 100
to 500 C with the maximum difference occurring at the higher temperatures.
The average power factors over the range 100 to 500 C are 9.2 and 15.6
(volts/C) 2 /ohm-cm x 10 -6 	for the copper-contaminated ?nd normal
materials, respectively.
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TABLE 12. SEEBECK COEFFICIENT OF 2p-PbTe
CONTAINING 0.1 W/O COPPER
2269P2 113 194 269 302 283
2267P2 124 204 280 308 276
2279P2 125 212 290 314 282
2278P2 124 213 280 313 250
2280P2 124 210 285 312 278
Average 122 207 281 310 280
Maximum deviation
from average (%) -7.4 -6.3 -4.3 -2.6 -1.4
TABLE 13. ELECTRICAL RESISTIVITY OF 2p-PbTe
CONTAINING 0.1 W/O COPPER
Resistivity (microhm-cm)
Temperature (C)
Specimen 100 200 300 400 500
2269P 1550 3850 7500 11,250 13,650
2267P 1550 3950 7950 12,000 13,550
2279P 1550 3600 7750 11,800 13,350
2278P 1550 3950 8250 11,850 12,800
2280P 1600 4150 8250 12,550 15,000
Average 1560 3900 7940 11,890 13,670
Maximum deviation
!
from average (%) +2.5 -7.7 -5.5 +5.6 +9.7
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Thermal-Conductivity Determination
The thermal-conductivity values for the thermoelectric
materials in nonstandard condition ware determined by the laser diffu-
sivity technique. This apparatus is described in Appendix IX. The
specimens on which the thermal-diffusivity values were measured were
nominally 0.04 in. thick by 0.30 in. in diameter. These specimens were
cut from either an electrical-property-measurement element or one of the
remaining elements of the group depending on the condition of the ele-
ments at the time of cutting. Particular attention was paid to obtaining
specimens of uniform density which were free of cracks.
The diffusivity measurements were made from 200 to 550 C under
static inert atmosphere. The thermal conductivity was computed as the
product of diffusivity, specific heat, and density. Available data on the
specific heat and thermal expansivity (for calculation of change in density
with temperature) for the uncontaminated material were used in making these
calculations. The change in both of these properties, viz., specific heat
and thermal expansivity, resulting from the extremely small additions of the
contaminants was considered negligible and was ignored. The densities of
the specimens were determined by the water-immersion technique and were
checked by geometric determinations. All of the specimens were in the range
85 to 90 percent of theoretical. The limits of accuracy determined for each
thermal diffusivity measurement suggest that the calculated thermal conduc-
tivity values should be within about t7 percent of true values.
The calculated values of thermal conductivity for the two 2p-PbTe
materials and for the 3p-PbSnTe material are shown in Figures 29 and 30,
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respectively. Data for the normal or uncontaminated counterparts are
included for comparison. The following generalizations can be drawn
from the experimental results:
(1) The addition of oxygen or copper to 2p-PbTe
(see Figure 29) resulted in a significant
decrease in the thermal conductivity at the
lower temperatures (about 40 percent at 200 C)
but virtually no effect at about 500 to 550 C.
(2) The addition of oxygen to the 3p-PbSnTe (see
Figure 30) resulted in an increase in the
thermal conductivity of about 10 percent over
most of the range from 200 to 550 C but virtually
no effect above 550 C.
Figure of Merit of 2p-PbTe and 3p-PbSnTe
The figures of merit, Z, for each of the thermoelectric materials
in nonstandard condition were calculated according to the relationship:
Z = S 2 /pk ,
where S is the Seebeck coefficient in microvolts/C, p is the electrical
resistivity in mic-ohm-cm, and k is the thermal conductivity in watts/cm-C.
The calculated values of Z for the 2p-PbTe materials and 3p-PbSnTe are
shown in Figures 31 and 32, respectively. The figures of merit for the
normal (uncontaminated) materials are included for comparison.
Both of the contaminated 2p-PbTe materials exhibit significant
depressions in the values of figures of merit over most of the range from
102
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FIGURE 31. FIGURES OF MERIT FOR 2p-PbTe CONTAMINATED
WITH OXYGEN OR COPPER
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200 to 550 C. At 200 C, the figures of merit are nearly equal to that of
the normal 2p-PbTe. Based on a comparison of the data for 2p-PbTe con-
taining 20 w/o, -325 mesh powder and 0.1 w/o copper, it is apparent that
oxygen and copper produced essentially identical effects on both the
electrical and thermal properties and, hence, result in nearly identical
figure of merits in the range 200 to 550 C. Although the mechanisms of
interaction between these contaminants and the 2p-PbTe are not known,
some evidence exists which suggests that only one mechanism is operative,
e.g., the reduction of the carrier concentration is a result of the
depletion of the tellurium dopant. Since both of the contaminants form
compounds with tellurium, it is possible that a simple chemical reaction
may account for the observed effects.
The oxygen-contaminated 3p-PbSnTe yielded a figure of merit well
below that of normal 3p-PbSnTe over the range 200 to 400 C but a slightly
higher figilre of merit between 450 and 600 C.
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TASK IV. FABRICATION AND TESTING OF SiGe-PbTe
THERMOELECTRIC COUPLES
Couple Design and Fabrication for Performance Testing
A segmented SiGe-PbTe couple configuration has been designed based
*
on technology developed under a previous NASA-Goddard research program .
This design features a. pressure-contacted junction between the PbTe segments
and the tungsten shoe at the cold end of the SiGe segments (see Figure 33).
The use of a pressure-contacted junction eliminates the problem of differen-
tial thermal expansivities encountered in previous SiGe-PbTe segmented
couple development* and simplifies the couple fabrication schedule since the
SiGe and PbTe segments can be proces;aed separately and assembled in the life-
test fixture. A spring-load pressure of i00 psi is maintained during the
life test to effect a low resistance at the pressure-contacted junctions. A
comparison of the computed conversion efficiencies for single-stage PbTe
couples and the SiGe-PbTe segmented couples developed in this program indi-
cates the significant advantages offered by joining SiGe to PbTe (see
Figure 34). The segmenting of these two thermoelectric materials involves
a mismatch between the thermal flux and current flux, e.g., optimizing the
PbTe and SiGe segments for a common current flux results in a mismatch in
the thermal flux. This mismatch has a significant effect on the temperature
distribution which offsets the gains of segmenting these two materials. How-
ever, designing the segmented couple on the basis of matched thermal flux and
mismatched current flux yields a significant gain in conversion efficiency as
a result of the relative insensitivity of the conversion efficiency of the
individual segments to the current flux. The latter approach was the basis
for the design of the couples fabricated and tested in this program.
* Kcrtier, W. E., Mueller, J. J., Freas, D. G., and Eggers, P. E., "A Research
and Development Program for Segmenting SiGe and PbTe Thermoelectric Materials",
NAS5-10185, Final Summary Report dated December 15, 1966.
106
Molybdenum Heater Core
Al203
SiGe (p-type) 1 	Hot-junction thermocuuple cavity0.080-in. diam. (0.15 in. deep)
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u-braze-bonded junctions
W	 W	 Pressure-contacted junctions
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Powder metallurgically bonded
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FIGURE 33. SEGMENTED COUPLE FOR PERFORMANCE TESTING
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Cold Junction Temperature, K
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Theoretical Analysis
A theoiatical analysis was performed using the OFF-OPT computer
program* to identify the dimensions of the SiGe and PbTe segments yielding
maximum output power for a fixed couple length. The input data used for
the PbTe segments were based on S, p, k, and p c measurements performed on
green-pressed and sintered material and the input data used for the SiGe
segments were based on RCA-published ingot data. The results of the cal-
culations are summarized in Table 14 in terms of (1) operating temperatures,
(2) couple dimensions, and (3) output power and efficiency.
TABLE 14. COMPUTED DIMENSIONS AND PERFORMANCE
PARAMETERS FOR SiGe-PbTe SEGMENTED
COUPLES
T 
	 = 300 K (80 F)
TINT	
= 800 K (980 F)
T 
	 = 1200 K (1700 F)
AP = 0.578 cm2 (0.0896 in.2)
AN = 0.657 cm2 (0.1020 in.2)
L  (SiGe) = 2.021 cm (0.796 in.)
IN (PbTe) = 0.870 cm (0.343 in.)
LP (SiGe) = 2.044 cm (0.805 in.)
LP (PbTe) = 0.804 cm (0.317 in.)
Thickness = 0.635 cm (0.250 in.)
(hot strap)
I	 = 7.25 anp (maximum power output)
Y	 = 1.300 watts(e)
1 T/E	 = 11.20 percent
* Computer program, OFF-OPT, was developed under USAEC Thermoelectric
Contract W-7405••eng-92, "Development of Segmented Thermoelectric
Modules Fabricated by Hot Isostatic Pressing".
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Fabrication of St_gmented Couples
A total of eight segmented couples containing SiGe and PbTe
segments were fabricated for performance testing according to the
specifications presented in Table 14. The SiGe segments were bonded
into a "U-shaped" couple with a p-type SiGe hot strap and tungsten
shoes (see Figure 33). The PbTe segments were prepared as separate
units for operation in pressure contact to the tungsten shoes of the
SiGe couple.
The SiGe components and tungsten shoes were bonded into a couple
by means of gold as a brazing agent. The brazing was accomplished using
*
technology developed in earlier segmenting studies
	 The gold was incor-
porated in the junctions in the form of foil. The assembled components
were held in a differential thermal expansion bonding fixture and were
brazed in vacuum for 1/2 hr at 1066 C (1950 F).
The PbTe segments were made by pressing PbTe powder and the cold-
junction shoe into a composite body followed by sintering in hydrogen at
649 C (1200 F) for 1 hr under 100 psi spring loading. The n-type element
was made with iron shoes bonded directly to the PbTe. The p-type element
was made with a 1/32-in.-thick layer of tin telluride (SnTe) between the
PbTe and iron shoe. The SnTe has been found to yield a stronger bonded
element with lower effective contact resistivity than obtainable with iron
bonded directly to the 20-PbTe.
* Kortier, W. E., Mueller, J. J., Freas, D. G., and Egger-, P. E.,
"A Research and Development Program for Segmenting SiGe and :bTe
Thermoelectric Materials", NAS5-1'185, Final Summary Report dated
December 15, 1966.
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Performance Testing
y
t
Development of Test Apparatus
The lift: testing of SiGe-PbTe segmented couples in this program
is being performed in test fixtures developed under a previous NASA-Goddard
*
contract	 The heater design (shown in Figure 35) is based on a low-current
(<10 amp), nonrefractory resistance heating element. This choice permits
the use of low-amperage voltage regulators and electrical wiring. The
heater consists of Kanthal heater wire wound on a high-purity alumina tube
(4 x 2-in. diameter) with a molybdenum heater core (5 x 1.5-in. diameter).
This heater unit is insulated by 2.5 in. of Fiberfrax insulation and is
designed to operate for extended periods (>10,000 hr) at 1275 C (1550 K) in
argon.
The life-test apparatus used to measure couple power and open-
circuit voltage as a function of time is shown in Figures 35 and 36. The
E
life-test fixture features a spring-loaded cold-junction assembly to permit
application of couple-loading pressures over the range 0 to 100 psi. 	 E
Test Procedure
The couple life test includes the measurement of cold-, intermediate-,
i
and hot-junction temperatures, couple voltage (open and closed circuit), and
i
the operating current under load. The couple output power is calculated from
* Kortier, W. E., Mueller, J. J., Freas, D. G., and Eggers, P. E.,
"A Research and Development Program for ;>egmenting SiGe and PbTe
Thermoelectric Materials", NAS5-10185, Final Summary Report dated
December 15, 1966, page 49.
i
** Kantha. is an Fe-Cr-A1 alloy supplied by the Kanthal Corporation,
Bethel, Connecticut.
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Transite cover
Alumina T/C tube
\ or-Heater  control T/C
Fiberirax insulation
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Molybdenum heater
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FIGURE 35. DIAGRAM OF LIFE-TESTING APPARATUS
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FIGURE 36. PHOTOGRAPH OF LIFE-TESTING APPARATUS
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the measu red couple voltage and current. Observed changes in open-circuit
voltage indicate changes in thermoelectric materials properties, while
changes in couple power indicate changes of the junction resistance and/or
thermoelectric materials properties.
Each segmented couple is mounted onto copper cold sinks with
low-melting -point In-Sn solder (MP = 117 C). Thermocouples are affixed to
the cold, intermediate, and hot junction of the couple. The couple is
installed in the life -test apparatus and a pressure of 100 psi is applied
by spring loading. After evacuation (25 microns Hg), the bell-jar test
apparatus is backfilled with argon (or hydrogen) at atmospheric pressure.
The couple is brought to operating temperature at a heatup rate not
exceeding 5 C/min, which has been found to minimize thermal-shock effects.
After a 50 -100-hr stabilization period at temperature, the external load
resistance is varied to obtain the maximum power output from the couple.
This load setting establishes initial conditions for the couple and is
fixed for the duration of the test. The life test is terminated when the
power degradation exceeds 10 percent. The couple is then removed from
the test apparatus and subjected to posttest examination.
Test Results
The life-test results of eight SiGe -PbTe segmented couples have
ident ified three principal problems, their effect, and their solution and
are briefly summarized in Table 15. Early test results indicated the
need for a more reliable hot-junction temperature measurement technique.
Therefore, a study was performed ( following the failure of the alumina
tvapor-sprayed W-vs-W-Rh thermocouple used in Couple PG-68-1) to ascertain 	 n
,-.	 - i .}	 ^,	 ^„Mr per+* r:.,
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TABLE 15. SUMMARY OF SiGe-PbTe SEGMENTED
COUPLE PROBLEM AREAS
Couple No.	 Defined Problem
	 Resultant Effect(s)
	 Design Alteration
PG-68-1	 Brittleness of Al203	Loss of protective coating
	 Replace Al 203 vapor-
vapor-sprayed coating
	 of Al203 with subsequent 	 sprayed coating with
on hot-junction	 reaction between thermo-
	 high-purity Al203
thermocouple	 couple and SiGe (p-type) 	 thermocouple holder
hot strap	 positioned above the
SiGe hot strap
PG-68-2	 Parasitic heat loss
from PbTe section of
couple: due to insuf-
ficient thermal
insulation
PG-68-3	 Oxide formation on W
through
	 shoe at intermediate
PG-66-8	 junction
Intermediate junction
(SiGe-W--PbTe) operates
significantly below the
designed temperature
resulting in high resis-
tance at the pressure-
contacted junction
Increase of contact resis-
tivity of intermediate
junction ith attendant
decrease	 output power(e)
Increase the amount
of thermal insulation
used in the cold
region of couple and
increase the length
of the PbTe segments
Minimize background
level of 02 and H2O
vapor in test fixture
or hermetically seal
thermoelectric couple
ti
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the chemical compatibility of high-purity alumina (McDanel AP-35) with
3
the p-type SiGe hot strap at 1050 C in argon. This temperature was
sele:ted since during life testing, an operating temperature of 1050 C
at the surface of the SiGe hot strap corresponds to a temperature of
...927 C at the hot-strap - SiGe element interface, i.e., the "hot junction"
of the segmented couple. No reaction was detected when p-type SiGe was
a
pressure contacted to the high-purity alumina sample and maintained in
argon at 1050 C for 60 hr. Based on this result, high-purity alumina
straps were positioned above the p-type SiGe hot strap (as shmm in
Figure 33) in order to (1) provide a nonreactive environment for th-
hot-junction thermocouple attachment and (2) prevent the reaction
between the p-type SiGe hot strap and molybdenum heater core. However,
the introduction of an insulator, i.e., alumina, as the hot-junction
thermocouple holder (which was originally designed to function as the
voltage tap) prevents the measurement of individual n-leg and p-leg
performance since the center tap must be in electrical contact with the
hot strap of the couple. Consequently, the modified design will permit
the measurement of (1) ho*_-junction temperature, (2) cold-junctio- tem-
perature, (3) couple open-circuit voltage, (4) couple closed-circuit
voltage, (5) operating current, and (6) couple output power. The test
results and posttest examination of SiGe-PbTe segmented couples indicated
that no visible reaction had occurred between the SiGe hot strap and the
alumina thermocouple holder which had operated at ...1050 C for periods up
to 3000 hr.
116
The remaining seven couples (PG-68-2 through -8) all exhibited
similar trends in performance, viz., (1) the open-circuit voltage was
	
t
stable with respect to time, (2) the couple output power(e) was relatively
stable with respect to time, (3) the output power was —10 percent lower
than calculated, and (4) the surface of the tungsten intermediate shoe
adjacent to the PbTe became heavily oxidized after 500 to 1000 hr on test.
The reduction in output power is attributed to (1) an improper temperature
distribution on the couple resulting from parasitic heat losses from the
lower region of the couple (see Figure 35) and (2) high-resistance oxide
layers present on the surface of the tungsten shoes adjacent to the PbTe
segments. The control of the formation of oxide layers on the surface of
the tungsten shoe is complicated by the presence of Fiberfrax thermal
insulation which releases significant amounts of water vapor when operated
at elevated temperatures. The life-test data for six of these couples
(Couples PG-68-1 and -2 not shown) are reported in the form of normalized
output power plotted as a function of time and are accompanied by a brief
description of the test conditions (see Figures 37, 38, and 39). The
significant rate of decrease of output power at certain periods during
their lifetime is attributed to an increase in the contact resistivity of
the intermediate^PbTe-W junctions (n-leg and/or p-leg). In most cases,
the couples experiencing significant rates of degradation were rejuvenated
by (1) introducing hydrogen into the argon atmosphere (to form a 10 hydrogen -
90 argon mixture) for 50 to 100 hr in order to reduce any oxide(s) formed
at the junction and (2) increasing the cold-junction temperature from 27 C
to 125 C for 50 to 100 hr allowing the intermediate temperature to increase
and, hence, effect a low-resistance pressure.-contacted junction.
f
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NORMALIZED OUTPUT POWER VS. TIME
Couple No. PG-68-3
P (calculated) 1 30 watts (e)
Po (measured) 1.23 watts (e)
100 PSI
-i 
TH = 927 C
Al203
SiGe (D-tVnP
SiGe	 SiGe
,P-ty	 n-type)
W	 TI= 527 C
PbTe	 PbTe
p type)	 n-type)
Fe	 l
IOC PSI
TH = 927 C
Al 2 0 3
SiG. e
SiGe SiGe
(P-ty n - type) 11
W W TI= 527 C
PbTe PbTe
;p type) (n.type)
Fe Fe
YT, = 2
DESCRIPTION OF EXPERIMENT
Argon
REXT
DESCRIPTION OF EXPERIMENT
Argon
REXT
FIGURE 37. NORMALIZED OUTPUT POWER VERSUS TIME FOR
SiGe-PbTe SEGMENTED COUPLE (PG-68-3 AND -4)
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Couple No. PG-68-5
P (calculated) 130 watts (e)
Po (measured) 113 watts (e)
100 PSI
1=927 C
Al203
—Sj_ce
-
1fl= tYul
SiGeI	 SiGe
P- typ=:	 n typ=')w	 w Tj= 527 C
PbTe	 F'bTe
P typ2 )	 (n•type)
Fe ,	 Fe
1	 2? ;
REXT
DESCRIPTION OF EXPERIMENT	 N0RMALIZED OUTPUT P0`11ER VS. TIME
Couple No.	 PC; - 68-6
Argon	 P (cnlc-.,lated) 1.30 watts (e)
Po (measured) 1 06 watts (e)
0	 200 4, 00 600 800 1000 1200 14OU 1600
Time, hr	 I
REXT
	
^E
1
FIGURE 38. NORMALIZED OUTPUT POWER VERSUS TIME FOR
SiGe-PbTe SEGIENTED COUPLE (PG-68-5 AND -6) 	 Z
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NORMALIZED OUTPUT POWER VS. TIME
Couple No. PG-68-7
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FIGURE 39. NORMALIZED OUTPUT POWER VERSUS TIME FOR
SiGe-PbTe SEGMENTED COUPLE (PG-68-7 AND -8)
Posttest Examination Results
A visual posttest examination of the SiGe-PbTe segmented
couples has revealed that (1) little or no sublimation of PbTe has
occurred for periods up to 3000 hr, (2) thermal cycling of couples
from operating temperature down to room temperature has no apparent
effect on the junctions, (3) an oxide layer was present on the surface
of the tungsten adjacent to the n-type and p-type PbTe, and (4) no
visible reaction had occurred between the alumina thermocouple holder
and the p-type SiGe hot strap.
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CONCLUSIONS AND RECOMMENDATIONS
Under Task I, Development of Uniform Pro-edures for Tests and
Measurements of Thermoelectric Materials and Components, a study of the
Seebeck coefficient and electrical resistivity revealed that high-
precision and high-accuracy measurements can be performed within the
framework of conventional techniques. The experimental evaluation of
candidate calibration standards for these measurements is considered a
significant step towards the establishment of laboratory reference(s)
which would provide for the direct comparison of experimental results
obtained by various research groups.
Based on an analysis of the results of (1) life-testing studies
(Task I) and (2) a sensitivity analysis involving radioisotope thermoelec-
tric generator (RTG) performance under conditions simulating typical modes
of degradation (Task II), it can be concluded that life testing performed
under conditions of constant or controlled thermal input power (in contrast
to conventional techniques involving constant hot- and cold-junction tem-
peratures) will provide data which are directly applicable to the predic-
tion of RTG performance.
The results of the theoretical and experimental development of
test and measurement procedures satisfy the overall objective of Task I
in that they provide a guideline for the precise, accurate measurement
of parameters associated with thermoelectric materials and components.
In addition, it is also significant that the measurement techniques 1i 'i
been developed in sufficient detail to allow NASA to (1) establish their
own thermoelectric test and measurement capability and (2) specify
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established test and measurement procedures in the course of thermoelectric
research performed in their contractors' laboratories.
It is recommended that the life-testing and efficiency-measure-
ment techniques studied in this task be undertaken experimentally
including the development of (1) a method for the precise measurement of
thermal input power (life test), (2) a method for the accurate measure-
ment of thermal input power (efficiency measurement), and (3) a calibra-
tion standard (for thermal input power measurement) which would serve as
a laboratory reference permitting the direct comparison of experimental
results obtained by various research groups.
In Task II, RTG Analysis and Design, the gross simplification
of the input/output formats for the existing RTG computer program (GESPGN)
will offer the user a significant decrease in the time required and proba-
bility of error associated with the input data compilation and output data
reduction. Also, an analysis of the results of three-dimensional heat-
transfer analyses confirmed the validity of the mathematical model used in
the RTG computer program and, hence, improved the "confidence limits"
associated with the computations performed in the GESPGN program. Any
additional analysis of the mathematical model or further simplification of
the input/output formats would yield only marginal gains and are, therefore,
not recommended.
The results of the study performed under Task III, Thermoelectric
Materials Studies, are significant in that they have provided heretofore
unavailable information regarding the effects of contaminants on the thermal
properties of the popularly used 2p-PbTe and 3p-PbSnTe materials. In addi-
tion, the interrelationships of the electrical and thermal properties have
a
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provided insight into the effects of contaminants on the operating char-
acteristics of thermoelectric components including their power and effi-
ciency. The results are especially relevant to the diagnosis of failure
modes since the contaminants used in this study are frequently present in
the construction of thermoelectric devices. It is, therefore, rec^vaended
that these studies be continued and that the results be used in conjunction
with specialized diagnostic techniques, e.g., Seebeck coefficient traverse
techniques, in order to ( 1) establish systematic procedures for the iden-
tification of the most probable source(s) of degradation based on thermo-
pile performance and limited posttest examination and (2) advance the
understanding of degradation phenomena associated with thermoelectric
materials.
Under Task IV, Fabrication and Testing of SiGe-PbTe Thermoelectric
Couples, the feasibility of pressure-contacted junctions between the PbTe
segments and the tungsten shoe at the cold end of SiGe segments has been
successfully demonstrated. The use of a pressure -contacted junction in the
transition from SiGe to PbTe has eliminated the problem of differential
thermal expansion encountered in previous SiGe-PbTe segmented couple devel-
opment and has simplified the couple fabrication schedule since the SiGe
and PbTe segments can be processed separately and assembled in the life-
test fixture. However, an analysis of the life -test results has revealed
that the pressure-contacted intermediate junction is highly sensitive to
oxygen and water vapor since the formation of an oxide layer on the tung-
sten adjacent to the PbTe will result in a significant increase in the
junction resistance. It is, therefore, recommended that, in order to
realize the advantages of chic couple configuration, long-term testing
124
be performed in hermetically sealed containers or in ultraclean test
fixtures. The use of hermetically sealed containers is preferred since
the problems associated with the control of environmental contamination
of the test fixture, particularly oxygen and water vapor, are eliminated.
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APPENDIX I
STATISTICAL ANALYSIS OF
SEEBECK COEFFICIENT DATA
1-1
L E A S T —
 S Q U A R E S P O L Y N O M I A L S
NUMBER OF POINTS = 88
MEAN VALU% OF X = 596.344,
`MEAN , VALUE OF Y = 231 .797
STD ERROR OT Y = 55.2213
NOTE s CODE FO;: • WHAT NEXT? ' IS:
0 = STOP PROGRAM
i = COEFFICIENTS , ONLY
2 = ENTIRE SUMMARY
3 = FIT NEXT HIGHER DECREE
POLYFIT OF DEGREE 1
	 INDEX OF DETERM = .982654	 WHAT NEXT? 3
POLYFIT OF DEGREE 2	 INDEX OF DETERM = .99617
	 WHAT NEXT? 3
POLYFIT OF DEGREE 3
	 INDEX OF PE'TERM = 9999014 	 WHAT NEXT? 9
POLYFIT OF DEGREE 4	 INDEX OF DETERM = 9999064
	 WHAT NEXT? 3
POLYFIT OF DEGREE 5	 INDEX-OF DETERM = .999125
	 WHAT NEXT? 3
POLYFIT OF DEGREE 6	 INDEX OF DETERM = .999135
	 WHAT NEXT? 3
POLYFIT OF DEGREE 7
	 INDEX OF DETERM =•.999146
TERM
	 COEFFICIENT
0 —17449.8
1 224.801
2• — 1922108
3 3963893 E-3
4 —6.42299 E-6
5 6972873 E-9
6 —3988054 E-12
7 9.51399 E-16
WHAT NZXT? 2
I-2
Tim erature Seebeck Coefficient
X-A A Y-ACTUAL Y-CALL TIFF PCT-DIFF
41095L.7 133.968 132.754 1.21.41 9 .914614
490.463 177.429 177.407 2.18344 E-2 1.23075
520.778 195.268 196.016 -9727808 -•371301
542.283 207.745 20 9.043 -1.29782 -.620838
572.863 2249859 226.83 -1.9705 -.868713
594.4 235998 238.643 -2.66325 -1.116
636.917 257.49 259.861 -2.37057 -.912245
6909841 280.503 281.891 -1.3875 -.492214
750.141 294.558 298.692 -4.13862 -1:38558
760.913 X97.344 301.143 -3.79867 -1.26142
474.97 167.99 108.025 -3950857 E-2 -92.08812
502.221 184.396 184.618 -.221859 -.120172
531.649 201.362 202.64 -1.27814 --630742
550.606 2129608 213.985 -1.37686 -964344
578.847 228.773 230.176 -1.40336 - .60969
634.411 255.893 258.695 -2.80155 -1.08296
684.85 275.892 279.754 -3.86249 -1.38067
73'1.7 290.838 295.735 -4.89726 -1.65596
761.268 298.926 301.224 -2.29757 -.762746
380.933 118.144 118.603 -.458539 -.386618
485.546 174.557 1 74.41 *147179 8.43871
5149614 192.106 192.237 -.130816 -6.80496
534.127 202.94 204.14 -1.19974 -.587705
566.578 222.701 223.263 -.562214 -.251817
634.414 257.334 258.695 -1.36079 -•526023
682.662 275.789 278.955 -3.16596 -:.13493
731.132 29P.656 294.081 -1.42493 -.484538
761.258 300.653 301.224 -.570572 -.189418
404.0Z6 128.235 129.582 -1.34673 -1.03929
414-6J6 134.161 134-749 -.587718 -*436159
490.48 179 1'77.418 1.58224 .891819
521.796 196.729 196.639 9-01144E-2 4.58273
537.114 ?05.649 205.942 -.292712 -.142133
568.017 224.318 224.084 .233863 .104364
612.304 248.169 247.94 .228967 9.23477
638.937 260.297 260.79 -.4931 -.189074
692.764 282.419 282.558 -•139106 -4.92309
744.259 298.226 297.319 .907183 .305121
775. 722 304.001 304.582 -.581092 -.190783
398.72 129.276 127.045 2.23089 1.75599
482.849 172.251 172.773 -.522163 - 9302225
536.384 205.787 205.502 ..285383 .138871
568.68 2259664 224.461 1.2026 .535773
611.928 248.614 247.75 .864213 .348825
6389831 260.309 260.741 -.432364 -.165821
690.737 2F1.927 .281.855 7.23853 E-2 2.56818
7359753 296.429 2959252 1.17699 .398638
773.182 303.341 303.972 -.631413 --20772
392.724 123.04 124.203 -1.16255 --936008
4839202 172.933 172.987 -5.51522 E-2 -3.18822
519.007 1949987 194.932 5.53594 E-2 2.83994
542.50 3 20 9.983 209-174 -808775 .386051
569.782 226.366 225.088 1.27848 -56799
614.186 249.67 248.888 .782335 .314333
639.891 262.965 261.228 1.73712 .66498.5
690.995 284.405 281.944 2.46051 .872693
733.29 298.473 294.632 •3.84138 1.30379
E-2
E-2
E-2
Z-2
E-2
E-2
E-2
E-2
E-2
E-2
1-3
	
Tem erature	 Seebeck Coefficient
	
X-ACTUAL
	
Y-A	 Y-CALC
	
D I FF
	
PCT-DIFF
i
770.283
424.531
508.833
533.511
562.049
573.963
r,an.^^F
640.316
709-568
752..594
775-163
397-787
497.535
536.384
557.782
594.239
631.326
638.619
683.291
720.385
760.25
349.397
430.666
50 8.547
542-503
564.872
612-735
634.842
698.524
737-958
779.937
304.979
139.14
189.049
204.689
221.344
228.186
247.724
262. 791
289.234
301.956
306.337
127.052
181.51
206.085
218.536
239.663
258.336
262.247
280.941
293.1
304.171
101-765
143
188.833
20 9.661
223.323
249-078
260-417
284.685
298-448
305-533
303.285
139.754
188.684
203.767
2Rn,662
?P7. ca8
246.902
261-422
287.71 5
299.254
304-446
126.602
181.739
20 5.502
218-19
238.557
257.245
260.645
279.1-86
291-188
300.995
101.666
142.945
188.508
209-174
222.286
248.1 57
258.896
284.506
295.799
305-61
1.69033
-*614181
•365345
-922002
*68189
. 737819
*PPIrR7
1.37134
1.51913
2-70173
1.89138
-450407
-.229441
.583382
.346028
1,10578
1-09143
1.60201
1.75548
1.91241
3.17643
9.86792 E-2
5.53894 E-2
.324608
.486775
1.03678
.921078
1.52125
*179263
2.64939
-9.68523 E-2
.557335
-.439472
.1 93628
.452479
•30902
•32439
.332798
.52457
.527997
.90282
.621255
.355767
-•126247
.283882
.15859
.463528
.424278
614633
•628788
-656762
1.0.5531
9. 70618 E-2
3987489 E-2
.172198
.232713
.466415
•371168
-587591
6.30084 E-2
.895672
-3.16894 E-2
STD ERROR OF ESTIMATE FOR Y =1.683
APPENDIX II
ERROR ANALYSIS OF SEEBECK
COEFFICIENT MEASUREMENT TECHNIQUE
APPENDIX II
ERROR ANALYSIS OF SEEBECK
COEFFICIENT MEASUREMENT TECHNIQUE
The uncertainty limits for the Seebeck coefficient measurement
were calculated usinj simple differential calculus to identify the vari-
ables and their effect upon the total uncertainty of the measurement
system. The approach is one of obtaining the total differential of the
equation which describes the parameter being investigated.
In the subject case, the equation for S. the Seebeck coefficient,
is expressed in terms of the measurement parameters.
S =
	 VT2
 - T1
where
V = voltage drop measured across the specimen
T2 - T 1 = temperature differential across the specimen.
Using a technique developed in literature , the exact differential for the
S equation is:
	
DS = IS, dV + aS dT+ -^ dT	 (2)
av	
aT1 
1 aT2 2
* Baird, D. C., An Introduction to-Measurement Theory and Experiment Design,
Prentice-Hall, 1962.
I-
11 -2
Approximating this differential equation with a finite difference equation,
L4S = aV 6V + aTS 6T
1 + ^ 6T2
 ,	 (3)
	
1	 2
where QS represents the plus or minus value of the uncertainty limit
assigned to each point. The partial differential equations listed below
are obtained by differentiating Equation 1.
6S =
	 1	 (4)
aV T2 - T1
as	 V
6T 1 = 
(T2 - T1)2
as 
	 _	 V	 (6^
6T2	 (T2 - T1)2
Substituting Equations 4 through 6 into Equation 3,
	
V6T	 -V 6T
^.S =	 6V	 +	 1	 +	 2	 + 6S',	 (7)T2 - T1	
(T2 - T1 )
2 (T2 - T1)2 .
where 6S' is the error resulting from the drift associated with the
dynamic measurement of T l , T2 , and V during a 7-second time interval.
The 6 values are those uncertainty values associated with the
measurement apparatus. This uncertainty is derived from thermocouple
calibration error and digital voltmeter error:
t.'))
7.I -3
The resultant S values used in the determination of the uncer-
tainty limit equations are listed below for each piece of equipment.
6 Factor Affected	 Equipment Item
6T1 , 6T2	Voltmeter - ±6 microvolts or ±0.6 C for Pt-vs-Pt-Rh
thermocouple (calibration + reading error)
6T 1 , 6T2	Thermocouples - ±U.1 C (relative error)
6V	 Voltmeter - #6 microvolts (calibration error)
Factoring the above values into Equation 7, the final equations
to be used in determining the uncertainty limit for the S measurements
are:
,AS = ± [1 (6 + 2(0.1 + 0.67) -T )] + 6S'
or LAS = ± [-T (6 + 1.54 - S)] + 6S'
where
,6T = T2 - T1
S = ^T (Seebeck coefficient at (T 1 + T2)/2).
APPENDIX III
STATISTICAL ANALYSIS OF
ELECTRICAL-RESISTIVITY DATA
III-1
POLFTT3	 11:38	 CY THU 07/11/68
L E A S T —
 S 0 U A R E S P 0 L Y' N 0 M I A L S
NUMBER OF POINTS = 81
MEAN VALUE OF X = 545.816
MEAN VALUE OF Y = 2529.23
STD ERROR OF Y = 1739.04
NOTE: CODE FOR 'WHAT NEXT?' IS:
0 = STOP PRO MRAM
1 = COEFFICIENTS ONLY
2	 ENTIRE SUMi^ARY
3 = FIT NEXT HIGHER DEGREE
POLYFIT OF DEGREE 6
	 INDEX OF DETERM = .999819
	 WHAT NEXT? 3
POLYFIT OF DEGREE 7
	 INDEX OF DETERM = 9999821
	
I-NAT NEXT? 3
POLYFIT OF DEGREE 8
	 INDEX OF DETERM = .999821
TERM	 COEFFICIENT
0 —176990o
1 2894.45
2
—20.2911
3 7.98969 E-2
4
—1.93253 E-4
5 2.93850 E.-7
6
—2.73859 E-10
7 1.42887 E-13
8 —3. 195111 E-17
WHAT NEXT? 2
III-2
Temperature Electrical Resistivity
(Deg.	 K) (microhm-cm)
X_-ACTUAJ.. Y-ACTUAL Y-CALC DIF1: PCT-))I1•F
30 11.79 556-776 576-749 -21-973 -3-796614
396.693 740.108 770.53 -30.422 -3. WU!,2
4/18.198 1002.01 10113.9 -411 .8867 -4.01272
491.051 1341.83 1388.03 -46.200£5 -3.32851
5/!8.1 52 2007-67 2032'.83 -25.1601 -1. 23769
621 - 11/4 3094.1 7 3119-51 -25.3381 -. 81;'245
674.53? 3931.77 3972.16 -4':0.3858 -1.0167£2
702.616 L=364926 4396.05 -31.792 -.723195
737.733 4857.67 4887.63 -29.9633 -.613043
758.388 51311.96 5159.21 -24.2531 -.470094
30/1.79 556.73 578-749 -22-019 -3.80459
372.256 661.6 689.1 -27.4999 -3.99069
479.715 1238.46 1285.77 -47.3076 -3.67933
51 5.227 1 624.1 9 163,11-58 -10.3906 -.635672
554.276 2094.31 2114.46 -20.1512 --953011
606.276 2853.21 2883.37 -30.161=' -1.0/16141
651-735 3569.34 3612.02 -42. 68/!9 -1-18174
683.092 4076.9/1 111011.06 -27.1196 -.660799
714.705 4542.53 4570.12 -27.5906 -.603717
746.334 4973.99 5002.03 -28.0427 -.560626
764.199 5218.42 5233.89 -15.4687 -.295548
303-979 579.14 577. 455 1-68468 .291 742
350. 4=23 640.831 640.21 .62055 9.69291	 E-2
388.896 751.745 741.308 1094369 1.4079
4441. 788 1022.114 1021-29 1-1/4581 .112192
538.306 1688.73 1906.38 -17.6477 -.925718
592.736 2690-13 2672.53 17-6034 . 658 68,
669.613 3923.96 3895.4 28.5569 .733093
7229328 4721.41 4677.16 414.2459 .945999
761.652 5234.9 5201-3 33.6002 . 6415996
303.979 579-14 577.4155 1.66468 *291742
356.302 668.718 651.357 17.3606 2.66529
4126.012 909.67 908.571 1.0992 .120981
471./159 1217-84 1216o49 1-35096 .11 1056
543.796 1956.39 1976.12 -19.733 -.998574
601.413 2826. 71 2807.03 19-6751 .700921
690.481 4252.041 4216-08 35o9609 .852946
751-957 5108. 7 41 5075-81 32.9287 .6118738
766.6 414 5290.68 5265.08 25.5994 .486211
304. 79 586.712 578-749 7.96298 1.375S9
416.306 872.808 857.862 14.9459 1.711223
532.457 1859.2 18341.18 25.0225 1.3642/1
646-768 355P.113 3532.38 20-054 .56772
733.425 11852.4 4829.55 22.8531 .4731 9/1
765.32 5258.76 5248.19 10.5913 -201808
311.533 586.969 588.365 -1.3955 --237183
398.527 792..64' 777.852 14.7877 1.90109
516-595 1678- 88 164;9-68 P9-1957 1.76977
III-3
Temperature Electrical Resistivity
(Deg. K) (microhm-cm)
X-ACTUAL Y-ACTUAL Y-CALC DIFF PCT-DINT
584.346 2569.6^ 2544.98 24.6373 .968075
653-31f) 3.657.42 3637.33 200088 .552272
677.562 4036.76 4019.06 17.7026 ./!110/167
756.245 5146.37 5131952 14.8536 .2891159
314-859 595.429 592.566 2-86333 0/183208
354.303 663.925 647.1!13 16-5122
 2.550/!
401 .528 809.419 790.207 19-2122 2. /13129
45 11-734 1125-9P 1089.12 36.8006 3-37393
519.441 1708.76. 1681.56 27.1958 1.61'129
594.801 2713.8 2704.31 9.4£;579 350765
644.756 3497.711 3500.02 -2.26051 -.065157
693.286 4255.011 4258.1 -3.06279 -7.19285 E-2
732.297 4808.17 4814.25 -6.07707 -.126231
329.861 615-9211 61v. 2 119 5.67522 .929985
377.456 710.322 703.9.:5 6.36668 .90/4415
428.385 941.995 921.7115 20.2504 2.19696
479.832 1316-63 1286.78 29.8549 2.3201 3
604.764 2861.39 2859.57 1.82066 6.36691	 E-2
661.217 3758.3 3763.09 -4.79424 -.127402
707.581 4463.01 4/168.15 -5.14333 -.115111
7/;0.499 11908.92 492/1.65 -15:7265 -.319342
766.338 5237.73 5261.18 -23.4/168 -.445656
350.1!23 614.586 640.21 -25.6245 -/1.0025
417.828 833.922 865.46 -31.5577 -3.6/1627
493.374 11110.28 1410.03 .254852 1.80743 E-2
673.695 3990.97 3959.1 31.8672 .SOZ,91
475.123 1273.86 121:6•'71 27.1525 2. 1779,,'
725.825 4747.45 4725.65 21.7959 .4612'26
765.014 5224.61 5244.33 -19.7201 -.376027
533.471 1861-65 1846.53 15.320 7 .829703
304.79 586.712 578* 749 7-96296 1.37589
303.329 592.419 576.391 16.0284 2.7803c
304.466 583.661 578.234 5.42662 .9381;82
STD E !OR OF ESTIMATE FOR Y = 24.5038
i
1
it
1II1I
VA
IL
(1)
APPENDIX IV
ERROR ANALYSIS OF ELECTRICAL-
RESISTIVITY-MEASUREMENT TECHNIQUE
The uncertainty limits for the electrical-resistivity measurement
were calculated using simple differential calculus to identify the variables
and their effect upon the total uncertainty of the measurement system. The
approach is one of obtaining the total differential of the equation which
describes the parameter being investigated.
In the subject case, the equation for p, the electrical resistivity,
is expressed in terms of the measurement parameters.
where
V = voltage drop measured across the specimen
A = cross-sectional area of the specimen
L = voltage-probe separation
I = a-c current flow.
Using a technique developed in literature , the exact differential for the
p equation is;
Dp =aV dV +bA 	 bLdL+a dII 	 .
Baird, D. C., An Introduction to Measurement Theory and Experiment Design,
Prentice-Hall, 1962.
(2)
IV-2
Approximating this differential equation with a finite difference equation,
16p = ^ 6V + a 6A + - 6L + aI 6I
	
(3)
where 6p represents the plus or minus value of the uncertainty limit
assigned to each point. The partial differential equations liated below
are obtained by differentiating Equation 1.
BV = LI '	 (4 )
6P	 V
M LI
	
(5)
a - 2V	 (6)
L I
aP _ _ AV	 (7)
aI	 LI2
Substituting Equations 4 through 7 into Equation 3,
VI,6p  
	 ALI ^ + I VLI I +
	 AL2I I + 	 ALI2 I + 6p' '	
(8)
where 6p' is the error resulting from the drift associated with the dynamic
measurement of T, I, and V during a 7-second time interval. The 6 values
are those uncertainty values associated with the measurement apparatus.
This uncertainty is derived from thermocouple calibration error and digital
voltmeter error.
IV-3
The resultant 6 values used in the calculation of the uncertainty
limits are listed below for each piece of equipment and parameter measured.
6 Factor Affected
	
Equipment Item
6V	 Voltmeter - ±0.10 percent of reading and ±0.05
percent of full scale
61	 Voltmeter and standard resistor - ±0.0018 amp
6A	 Micrometer and specimen dimensional control -
±0.0021 cm2
6L	 Micrometer and area of probe point contact -
±0.008 cm
Factoring the above values into Equation 8,'the final equations
to be used in determining the uncertainty limit for the p measurements are:
L^p(microhm-cm) _ (0.680)6V + V(0.0021 ) + (0.680)V(0.008) + (0.680)V(0.0018) + 6p' .
0.635	 0.635	 (0.635)2	 (0.635)
(9)
Reducing, we have
L6p(microhm-cm) = (1.07)6V + (18.7 x 10 -3 )V + 6p' ,	 (10)
where V is the measured value of the voltage drop across the specimen.
APPENDIX V
1
TEST PROCEDURE SPECIFICATIONS
A. Seebeck Coefficient Measurement
Procedure Specifications
1. Measurement Apparatus
1.	 a. Use only low-vapor-pressure, low-porosity materials in the
construction of apparatus in order to minimize contamination
of specimen with volatiles or entrapped gases (air).
b. Thermocouples and voltage probes should be selected based on
high-temperature stability and reproducibility. The pair of
thermocouples used to measure the temperature difference
across the specimen should be extracted from adjacent loca-
tions on a given roll of thermocouple wire in order to mini-
mize relative difference in temperature readings. These
differences are caused by inhomogeneities in the thermocouple
wire which result in variations in the thermal emf at a given
temperature as well as effecting the response of the thermo-
couple material to thermal aging.
c. Thermoelectric specimen should be supported between a high-
thermal-conductivity heat source and heat-sink materia l. which
provides a uniform thermal contact with the specimen over its
entire cross-sectional area and is known to be chemically com-
patible with the thermoelectric material over the entire range
of measurement.
I
V -2
d. The direct contact of the voltage probes and thermocouple
probes with the thermoelectric specimen should include
only the use of materials which are known to be chemically
compatible with the thermoelectric materials.
e. The hermetic seals of the apparatus should result in a leak
rate of <1 x 10 -9
 atm-cc/sec.
2. Measurement Procedure
a. The Seebeck coefficient specimen heatup rate should not exceed
3 C/min (at an assumed digital voltmeter readout rate of ...3
channels/7 sec) for semiconductors materials (e.g., PbTe,
BiXTe) and should be _0 C/min for metals (e.g., Constantan
calibration standard).
b. Measurements should be performed in inert gas atmospheres
(<10 ppm 02 ) following a 24-hr bakeout of the system in
vacuum at 250 to 300 C. The pressure should be —1 atmos-
phere in order to minimize sublimation of semiconductor
material.
c. Thermocouples and voltage taps should be attached to the
specimen such that no significant heat is transferred
between the thermocouple and the specimen. This minimizes
the magnitude of the temperature drop due to thermal contact
resistance. The placement of thermocouples on the side of
the specimen is preferred (see Figure 1).
V-3
d. The temperature difference between the thermocouples, i.e.,
the !^T, should be maintained at or above x.30 C for the
entire range of Seebeck coefficient measurements.
e. The surface on which voltage probes and thermocouple probes
are to be placed should be free of gross surface oxide and
imperfections.
f. mean specimen temperature measurement should be accurate to
within ±1.0 C.
3. Instrumentation Specifications
a. Thermocouples (preferably Pt-vs-Pt-Rh) should be calibrated
and accurate to within ±0.2 percent.
b. Dynamic measurement of Seebeck coefficient requires an inte-
grating digital voltmeter with microvolt resolution and
accurate to within ±6 microvolts over the entire range of
measurement ±(0.01 percent of reading + 0.005 percent of
full scale). The effective noise-rejection capability of
the voltmeter should be 120 to 140 db and a common mode
rejection of 120 db or more. The integrating capability of
the digital voltmeter reduces superimposed noise by averaging
out the random signal. Equilibrium measurement of Seebeck
coefficient can be accomplished using a Leeds and Northrup
K-2 or K-3 potentiometer.
c. Ice-bath thermocouple reference should be accurate to within
±0.1 C.
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B. Electrical-Resistivity and Electrical-Contact-
Resistivity-Measurement Procedure Specifications
1. Measurement Apparatus
a. Use only low-vapor-pressure, low-porosity materials in the
construction of apparatus in order to minimize contamination
of specimen with volatiles or entrapped gases (air).
b. The thermocouple used to measure specimen temperature should
be selected based on high-temperature stability and
reproducibility.
c. The thermoelectric specimen should be supported between high-
electrical-conductivity metal electrodes in order to minimize
Joulean heating of the adjacent specimen. In addition, the
resistance between the specimen and the electrodes must be
uniform and low over the entire area of contact in order to
provide a uniform current distribution. The metal electrodes
should be greater than one diameter (cylindrical specimens)
or one diagonal (rectangular specimens) in order to provide
uniform current distribution throughout the specimen.
d. The direct contact of the electrodes, voltage probes, and
thermocouple probe with the thermoelectric specimen should
include only the use of materials which are known to be
chemically compatible with the thermoelectric materials.
e. The hermetic seals of the apparatus should result in a leak
rate of <1 x 10 -9 atm-cc/sec.
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2. Measurement Procedure
a. The e lectrical-resistivity-versus-temperature measurements
should be performed using a heatup rate not exceeding
3 C/min (at an assumed digital voltmeter readout rate of
...3 channels/7 sec).
b. Measurements should be performed in inert gas atmospheres
containing <10 ppm 02
 for short-term (<100 hr) measurements
or <1 ppm 0 2
 for long-term measurements (>100 hr). This
requirement can be met by baking out the system in vacuum
1.
	
for 24 hr at 250 to 300 C followed by a "pregettering" of
the inert gas using suitable gettering materials, e.g.,
L tantalum. A gettering material may be used in the hot zone
of the apparatus in order to maintain a low level of oxygen
throughout the course of measurements, particularly for
i
	
electrical-contact-resistivity-versus-time measurements.
c. Alternating current should be used in the resistivity measure-
ments in the frequency range 100 to 200 Hz. Direct-current or
very-low-frequency measurements should be avoided in order to
(1) minimize thermal gradients in the specimen which result
from Peltier cooling effects and (2) minimize the effect of a
thermal-gradient-induced Seebeck voltage component on the ohmic
potential drop measured between the voltage probes. High
signal frequencies should be avoided, particularly in poly-
crystalline specimens, since the contact resistance between
the crystal grains may result in the superposition of a sig-
nificant capacitive component onto the resistance being measured.
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d. The current flux should not exceed 1.5 amp/cm 2 in order to
minimize Joulean heating in the specimen which may otherwise
result in errors in the measurement of specimen temperature.
e. For the measurement of electrical resistivity versus tempera-
ture and electrical contact resistivity versus time, the ratio
of voltage-probe separation to specimen-cross-sectional area
should be >2 cm 1 in order to achieve the desired level of
accuracy.
f. For the measurement of electrical resistivity versus temperature,
the distance between a given voltage probe and the specimen-
electrode interface should be no less than one diameter (cylin-
drical specimens) or one diagonal (rectangular specimens) in
order to provide uniform current distribution throughout the
specimen.
g. For measurement of electrical contact resistivity versus temper-
ature using the traverse method, an increment step of 4 to 5 mils
should be used to define the voltage profile in the vicinity of
the metal-semiconductor junction. In addition, the voltage
probes should have a nominal tip radius of 0.5 mil.
h. The surface on which the voltage probes are to be placed should
be free of gross surface oxide and imperfection3 which would
significant'.y affect the resistivity measurement.
* Posttest microscopic examination used to locate position of junction
relative to known traversing probe positions.
** This tip radius can be obtained by using electrolytic etching techniques
(see H. C. Torrey, et al., Crystal Rectifiers, McGraw-Hill Book Company,
New York, N.Y., page 319 (1948).
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i. Adequate shielding sball be used for all voltage and current
leads in order to mini ►:iize the effects of spurious electro-
magnetic pickup from any a-c field. In addition, particular
care must be used in the design of the voltage-measurement
circuit since induced a-c ground currents, i.e., common mode
pickup, usually at power line frequency, can generate a
potential of several volts between the signal source ground
and the voltmeter chassis ground. If not blocked, these
currents will cause an erroneous voltage larger than the
signal to appear at the input.
3. Instrumentation Specifications
a. Thermocouples (preferably Pt vs Pt-Rh) should be calibrated
and accurate to within ±0.2 percent.
b. The specimen a-c current should be measured using a standard
four-terminal resistor with a maximum error of less than
±0.03 percent.
c. The a-c signal should be supplied by a precision a-c power
supply with less than (1) 0.05 percent distortion, (2) 0.01
percent amplitude instability, and (3) 1.5 milliwatts of
noise.
d. The specimen current and voltage measurements should be per-
formed using an integrating digital voltmeter in conjunction
with an a-c/d-c converter with microvolt resolution and
accurate to within ±(0.10 percent of reading + 0.05 percent
of full scale).
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e. Ice-bath thermocouple reference should be accurate to
within t0.1 C.
C. Life Testing and Efficiency-Measurement
Procedure Specifications
1. Measurement Apparatus
a. Use only low-vapor-pressure, low-porosity materials in the
construction of apparatus in order to avoid contamination of
specimen with volatiles or entrapped gases (air). However,
fibrous-type thermal insulations will probably be necessary
in the construction of the thermal insulation system anI must
be baked out in vacuum in order to remove volatiles, entrapped
gases, and water vapor. In addition, the use of volatile
and/or reactive materials in the life-test apparatus which are
not otherwise present in RTG systems may result in misleading
performance stability and, thus, should be avoided.
b. The thermocouples used to measure specimen temperatures should
be selected based on high-temperature stability and
repro& cibility.
c. The direct contact of voltage probes and thermocouples with the
thermoelectric materials should be avoided at elevated tempera-
	 S
tures (>100 C) in order to avoid long-term "poisoning" effects,
	 -
i.e., chemical reaction and subsequent changes in electrical
properties.
d. The hermetic seals of the apparatus should result in a leak
rate of <1 x 10 -9 atm-cc/sec.
i
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2. Test and Measurement Procedure
a. Life testing should be performed under conditions of constant
or controlled (in order to simulate radioisotope decay) ther-
mal input power. The monitoring of thermal input power using
electrical input power measurements may be feasible if the
ratio of the heat flow through the thermoelectric couple(s)
to the total heat input can be maintained above about 0.85
to 0.90. In addition, the parasitic heat losses would have
to remain nearly constant with time (less than 5 percent
variation).
b. The hot-, intermediate- (optional), and cold-junction temper-
atures should be monitored during either life test or effi-
ciency measurement. The cold-junction temperature should be
maintained nearly constant to simulate actual operating condi-
tions of a thermoelectric generator.
c. Output power, P, of the thermoelectric couple should be computed
using the relation P - I • Vcc under conditions of fixed external
load (where I and Vcc are the measured current and closed-circuit
voltage).
d. The monitoring of thermal input power (efficiency measurement)
may be accomplished using calibrated heat-flux transducers at
the cold end of the thermoelectric legs. However, calibration
of this heat-monitoring technique is necessary to correct for
unavoidable parasitic heat losses from the periphery of the
thermoelectric couple. This calibration can be accomplished
using a Pyroceram 9606 thermal-conductivity standard whose
V-10
dimensions, emissivity, and thermal conductivity are closely
matched to those of the thermoelectric couple to be tested.
e. In making efficiency measurements, care must be exercised to
minimize parasitic losses from the periphery of the thermo-
electric couple even though these losses may be accurately
known. This minimization is necessary since the electrical
output power of an individual couple operating at fixed hot-
and cold-junction temperatures will increase with increasing
parasitic heat losses from the periphery of the thermoelec-
tric elements. The increase in electrical output power is
the result of a decrease in the internal resistance caused
by a parasitic heat-loss-induced change in the temperature
distribution along the length of the thermoelectric elements.
3. Instrumentation Specifications
a. Thermocouples should be accurate to within A.5 percent.
b. Thermal-flux transducers (efficiency measurement only) should
be calibrated and accurate to within ±4 percent or less.
c. Constant thermal input power can be achieved using a regulated
d-c input electrical power supply (±0.25 percent line and load
regulation).
d. Direct-current flow through thermoelectric couple should be
monitored using a calibrated four-terminal resistor with a
maximum error of less than ±0.3 percent.
V-11
e. The thermoelectric couple current, voltage, and thermocouple
emf measurements should be performed using an integrating
digital voltmeter accurate to within 16 microvolts over the
entire range of measurement ±(0.01 percent of reading + 0.005
percent of full scale).
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APPENDIX VI
ERROR ANALYSIS OF ELECTRICAL -CONTACT-
RESISTIVITY TRAVERSE MEASUREMENT TECHNIQUE
The uncertainty limits for the electrical -contact-resistivity
traverse measurement were calculated using simple differential calculus
to iden; : ify the variables and their effect upon the total uncertainty
of the measurement system. The approach is one of obtaining the total
differential of the equation which describes the parameters being
investigated.
In the subject case, the equation for the contact resistivity,
PC
), is expressed in terms of the measured parameters:
(V1 - V2 ) A
PC	 I	 '
where
V1 and V2 = the voltages measured adjacent to either side
of the bond interface
A = cross-sectional area of the specimen
I = a-c current flow.
The total differential for the contact-resistivity equation is:
	
apc	
2—Capc
Dp c av dV1 + aV
apt 
dV2 + 2A dA + N dI
	
1	 2
Approximating this differential equation with a finite difference equation
gives:
ap
14c = aVc SV l + V2 dV2
 + 
aaA 
8A + abi dI
	
1	 2
^^:!! 	
115-1h V	 I ^ F71;5'5i^4^
w L
(1)
(2)
(3)
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where pp  represents the plus or minus value of the uncertainty limit
assigned to the mean value of contact resistivity. Carrying out the
partial differentiation of Equation 1 in Equation 3 yields:
A 8V1	A 8V2	(V1 - V2)8A	 (V1 - V2)AU
6?c =	 I	 +	 - I	 +	 I	 +	 -	 I2	 + 8pc
(4)
where 8p' is the error resulting from the uncertainty associated with
c
the location of the semiconductor-metal junction. The 8 values are those
uncertainty values associated with the measurement apparatus.
The resultant 8 values used in the calculation of the uncertainty
limits are listed in Table VI-1 for each piece of equipment and parameter
measured. Since V 1 and V2 are usually not significantly different in magni-
tude and are used to determine a difference, V 1 and V2 may, in this measure-
ment, be considered independent of the instrument error and only the reading
error (tl µvolt) need be considered.
The principal source of error in the measurement of contact resis-
tivity is associated with the actual location of the metal-semiconductor
interface in relation to the location of the measuring probe on either side
of it. The nature of this error can be understood by referring to Figure VI-1.
The measurements were made with the probe positioned at 5.0-mil intervals.
There was no visual access to the sample during measurement. The point of
measurement in the metal. (tungsten) closest to the junction and the point of
measurement in the semiconductor (PbTe) closest to the junction can be
identified from observed differences in voltage drop. However, there is no
way of knowing the location of the metal-semiconductor interface in relation
VI-3
TABLE VI-1. UNCERTAINTIES ASSOCIATED WITH MEASURED PARAMETERS
6 Factor Affected 	 Equipment Item
6V1 and 6V2	Voltmeter reading error only - ±1 µvolt
61	 Voltmeter and standard resistor -
±0.0018 amp
6A	 Micrometer and specimen dimensional
r	control - ±0.0021 cm2
6'
c
	posttest micro-	 Uncertainty associated with location of
scopic examination of	 semiconductor-metal interface -
junction)	 ±1/2pB•L (L = 5 mils)
6 1
c
	posttest micro-	 Uncertainty associated with location of
scopic examination of	 semiconductor-metal interface -
junction)	 ±1/2pB•L (L = 1 mil)
n<{
00
17T  -d
5	 10	 15	 20	 25	 30	 35	 40	 45
Distance From Point Of First Measurement, mils
FIGURE VI-1. POTENTIAI. PROFILE OF W-2p-PbTe
PRESSURE.-CONTACTED JUNCTION
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to these two points. Because of the uncertainty in location, one must
assume that the interface could lie at V 1 (see Figure VI-1) essentially
coincident with the position of the first measurement in the semicon-
ductor, or at V 2 essentially coincident with the first measurement in
the metal, or anywhere in between. It can be seen that the magnitude
of error arising from uncertainty in the interface location, i.e.,
±50 µC2-cm2 for the example shown, is substantially larger than the
magnitude of error associated with parameter measurements. It can be
readily shown that the magnitude of this error is equal to t1/2pB•L,
where p  is the resistivity of the thermoelectric material in the
vicinity of the junction, and L is the spacing between probe measure-
ments. The surface deformation of the semiconductor resulting from
voltage probe contact- and voltmeter resolution prohibit traverse incre-
ment sizes less than about 4 or 5 mils. This component of error can be
minimized, however, by performing a single traverse (normally at elevated
temperature) across the metal-semiconductor junction followed by a post-
test microscopic examination in the vicinity of the junction to identify
the exact position of the metal-semiconductor interface relative to
Points V1 and V2.
Factoring the above values into Equation 4, the final equations
to be used in determining the uncertainty limit for the p c measurements
are:
pp c (without microscopic examination) _ ( 1.000
0.680x1.0 ) 
+ ( 1.000
0 . 680x1.0 ) 
+ ( 
0.605x0.0021
1.000	 )
+ (0.605x0.680x0.0018) 
+ 1/2p -L
(1.000)2	 B
= 37.4 µSS-cm2
pp
c 
(with microscopic examination)	 = 10.1 µ0-cm 2.
APPENDIX VII
STANDARD INPUT DATA FORMS
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VII-8
Input Data Reference
(1) Radiator Material Designation
The following radiator material numbering code may be used to
extract the radiator fin parameters from the input data library:
Radiator Material
I.D. Number	 Radiator Material
1
	
Magnesium
2
	
Beryllium
3
	
Magnesium MIA
4
	
Magnesium HM21-T8
5
	
Aluminum A356-T6
6
	
Copper (ETPC)
7
	
Chromium-copper
(2) Thermoelectric Current and Voltage
The selection of the operating current establishes the shape
factor of the thermoelectric elements. The current may be selected on the 	 E
basis of power level, voltage level, or shape-factor preference. The
voltage per couple and shape factor may be obtained from the thermoelectric-
input analysis.
(3) Selection of Module Number
The selection of the number of modules is a tradeoff betveen
module peripheral losses and desired number of fins. For maximum utiliza-
tion of radiator fins, the number of modules should match the number and
position of the fins. Therefore, this selection will be subject to the
selection of the number of fins discussed. 	 °(
^	
^a
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(4) Thermoelectric-Array Option
The choice of module-width array is affected by the requirements
imposed by equipment used in the vicinity of the generator. For example,
for magnetometers, extraneous fields produced by current-carrying wires
must be arranged so that they are self-cancelling. This is achieved by
an array with equal numbers of n- and p-elements across the width of the
module, and this can be introduced into the program by means of the
input value set equal to 1.0.
(5) Toughness Parameter and Impact Velocity
This parameter is used in the cladding analyses subroutine of
the program. The selection of this term is discussed in the final report
of NASA Contract NAS5-3697, page 25. Also in this reference appears a
discussion of the impact velocity and how the cladding analyses establish
a cladding thickness sufficient for intact impact with an unyielding
surface.
(6) Fuel-Form Power Density
This power density is usually found in the properties table of
a candidate fuel form. However, when fission gas must be accommodated
by void space, the fuel-form power density is reduced to an effective
power density. This power density is used to determine the volume the
fuel form will occupy, including the void volume.
3
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(7) Fuel-Pin Packing Density
This parameter defines the packing density of the fuel pins in
the fuel-block matrix. The maximum packing fraction is about 70 percent
and will have to be determined prior to the computer run. This number,
when divided into the total cross-sectional area of the fuel pins, will
give the total cross-sectional area of the fuel-form cross section. The
value is used when an undefined array is specified.
(8) Separation Between the Fuel Pin-Fuel
Tube and Between Fuel Pins
This input permits the operator to choose the fuel-block thicknesR
between a fuel pin and the fuel tube which supports the fuel block plus fuel
pins. This only applies to the symmetric fuel-pin array which is selected
by the inpuL value for FPA, the fuel-pin-array option.
The separation between fuel pins along a line connecting the fuel-
pin centers allows the packing density to be controlled. Note that the fuel
block is optional in the case of radiation heat transfer. In this case, the
fuel pins wouid be supported by a frame whose weight would be included under
the heading of the fuel block.
(9) Heat-Source-Surface Power Density
The heat-source-surface power density is selected on the basis of
maximum-power-density capability. This value is found from two-dimensional
heat-flow considerations of the fuel form, fuel block, cladding, and fuel-
tube composite. The term is then used in the computer to determine whether
the designed thermoelectric module requires a surface power density greater
VII-11
than that practical for a particular heat-source design. A surface-power-
density deficiency will result in an escalation of the heat-source surface
temperature which will increase parasitic heat losses through the insula-
tion and heat-source support.
(10) Fuel-Form Density
The fuel-form density may be expressed as an effective value if
void volumes are incorporated into the fuel form. For example, if a fuel
requires an additional 100 percent void volume due to fission-gas release,
then the effective fuel-form density, RHOFF, would be one-half the actual
fuel-form density for the weight calculation.
(11) Modulus of Elasticity for Heat-Source Support
The compressive- and shear-modulus inputs are necessary for the
determination of heat-source support required for a maximum allowed deflec-
tion. The values will often be supplied with homogeneous materials. uow-
ever, for more complex support structures, such as honeycomb, special data
reports must be consulted. Since heat-source support is a basic necessity,
the support medium may have to be designed foi a required modulus.
(12) Heat-Source-Support End-Deflection Neflection
This option permits the code to consider or ignore longer gener-
ators when a deficiency of end-support bearing area exists. Longer gener-
ators are attended by decreasing end areas, which serves to increase the
bearing-area deficiency.
3`
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(13) Maximum Tolerable Deflections
The module, heat source, or support may be limited in deflection
because of preservation of electrical or thermal contacts of the thermo-
electrics, excessive shear forces on thermoelectrics or heat-source support,
or increase in heat transfer through heat-source support or insulation due
to reduction in heat path.
(14) Heat Dissipation by Generator Ends
The particular mission of a generator may allow all, part, or
none of the end area of the generator shell to dissipate heat. This may
be introduced into the program by specifying the percentage of the total
dissipative capability available for heat dump.
(15) Output Options
The print option for output data controls the frequency of the
display of output data, e.g., the user may choose to (1) print the calcu-
lated data after a change in each component (super-detailed mode), (2)
print the calculated data after each component has been optimized
(detailed), and (3) print only the optimum generator design case (abstract).
The output format option permits the user to specify (1) an output
format containing all dimensions, weights, etc. (detailed) or (2) µn output
format containing only the principal parameters (abstract). A description
of both types of output format is given in Appendix II.
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(16) Generator Profile Temperatures
The temperatures of the cold junction of the thermoelectrics,
cold junction of the insulation, and the radiator surface may all be
specified independently to accommodate the temperature differentials
present in the heat path for the thermoelectric cold junction to the
radiator surface. The same procedure is used at the hot junction.
(17) Initial Assumption of Engineering Efficiency
This program is designed to construct mathematically a gener-
ator based on assumed thermoelectric and engineering efficiencies.
Therefore, the operator must select a practical value of engineering
efficiency for the program. The program will analyze and iterate on
engineering efficiency until a heat balance is achieved. Thus, the
proper selection of this parameter will greatly reduce the computer run
time.
(18) Element-Length Limits
These limits are imposed to avoid impractical element shapes
and sizes due to the element-length iterations taking place in the pro-
gram. The limits may be based on fabricability or insulation capability,
since insulation thickness and heat-source-support thickness follows the
element length.
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(19) RTG Analysis Computation Options
(a) Thermoelectric-array computation sequence
1 - Limited by heat-source diameter
2 - Limited by heat-source length
3 - Investigates Cases 1 and 2
Geometry of module based on geometry of heat source
(b) Generator length computation sequence
0 - Iterate using normal increments
1 - Iterate using large increments and then
small increments
(c) Thermoelectric-element-length computation sequence
0 - Element length is fixed
1 - Element length is varied in order to trade off
F
thermoelectric weight vs other generator com-
ponents (viz., heat source, insulation, shell, etc.)
(d) Fuel-form geometry option
0 - Right-cylindrical geometry for single fuel form
1 - Right-cylindrical geometry for subfuel form or 	 a
fuel pins and overall rigat-cylindrical for fuel
	 :t
I
block
(e) Heat-source-support computation option
1 - Maximum support by ends
0 - Support by both end and radial portion
1 - Maximum support by radial portion
"T
^l d
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(f) End-insulation computation option
1 - Tradeoff end-insulation thickness against other
generator components
0 - End-insulation thickness is fixed
(g) Insulation and heat-source-support option
0 - Solid-type insulation and support
1 - Foil- and honeycomb-type insulation and support
(h) Insulation and heat-source-support material option
0 - Treat insulation and heat-source support as
independent components
1 - Assume insulation and heat source are same and
calculate deflection of support material on the
basis of total bearing area available
APPENDIX VIII
INPUT/OUTPUT FORMAT
VIII-1
OO
•IA
10N{A
^+
,p
O1W
o
7 O
m
NN
Z
O¢
..
O
W
W
Z
Z
O
..Po
•
OO
•M1
4
w
•rl
OO
•0
OO
•0
PP
.^
o
.
OOOO
.0
OOO
o
.0
OO
•O
=r
H
z
OOOO
.0
.•
POo
.
OOO
.o
2
Ir
r
r
x
AN
.+
.
NNO
•
•N
.Z•
OOO
o
o
JJ
Y
p
in
O2O
Z
W J L at zJ < O O <
0 UQ W tO_ W O Q W
2 <Z 2 2W Oz o 0z o p zJ W r C r
d.
.- ♦d•O•
+r.
2•
^-' +
1/1
Od2
Z
^'L
Q
a
'-'CQ^
N2^
+L
LO
•O2
m
►-
Q
-+
N
2
x0
4
2
QWrWZ
<
add
=►-C7ZWJ
Z`
+L
oQ'
•
mWrWZ
<
m
`
n
r
=
HW3
Z
•+L
^O^
+
.0
"'
1A
rOn2►^
WJ
"
o2tYWZr
<
IYW
r'fZ
WIrQZOtY
<
x
u►•QrUWJWO2
mWZr
—ZN1d
ry
r
w4
"'CWr
<Z
WO
xin►qJOV
u_
KrUWJWO22WZr
2
O
w
Ja^
+QWP-
QI
qQJV
WJO0O
x
a
u
•"2
nOOV
QW
n
W
c7
<rJO
>
rw
7Uz
..
V1OW
IAOJV
o
a
'+
vlWJOOO2
LO
•OZ
0
o
•N
r
ZWZWJW1
n
—
IW(9
<
rVI
QOL
Q\J
00
O
r
ZW2WJW1d
N
IWC7d
rIA
OL
Q\J
00
o
r
zW2WJW1d
M
1Wl74
rVf
QOL
Q\J
o
o
O
zWIWJW1
n
LO
—1W0
<
rN
OCOL
}r
•+NZWC
Pr^
O
.
zW2WJW/
a
LO
N1WU'Q
r
Vf
2OL
}r►+
HZWO
o0OO
.
O
2W2WJW1
n
LO
M1W
'U
<
rN
OL
}/-
`+
NZWO
00OO
.
O
WZWJW
LO
•O
z
•O
xW
x
r
W
TC
..^
ZW
>W
0C.
.^
JS
QWr
<S
O4JV
WJ
nOO2
LO
}r
w
NZWO
.D1-
O
.
<J7V1Z
w
I.
WZWJW12Wr2^
••^
LO
}
r
w
NZWq
r1P
.+O
QO4
•Y
tt
OL
1ANW
z
xV
-.Zr
LQ
<ZC
adZ
W\r
0
o
.r
•
..
Z
Qr
rS
VIWO
ZN
r
2WJW
W\r
LO
N0W
ZY
V
=r
00O
•o
JJ
<f
WJ
OO2
zWWZrWQ`
ZO
•+rQ
mQ
WIn
o0O
•o
O
>
r
w
>►.
rV
OZOU
J
<Z
WSr
W
.>.
-P.U
WLLW
rf
.+O
•
o
 UIOO
.
1A2
r•
r
W
rO
nZH
p4
1U
1-
n2w
2
O
Lt
JW
m
Jt
trW
r
<
=
O
<
U
orW2
-J
1Y
WZZ
•+
u
}O
J
L'r
NQ
xZ LL WC W ZJ
Q W
J7 WJ
C
WI.-Q
VI
W\r
O2
ZO
O2
OZ 2O
1QWr2
J<
2
dZ
.C.
►'djN
Z r r r
rZWIWJ
1
rZWIWJ
1
r2WZWJ
11
VfI.-
ZW2W
W
W
r
Or
q
r
JQ
C
r
OOZ00U
O
V
•t7
N
Q Vf
r
J
nW>Z►+
z
O
r
++M
r
•q
•
►+
J
<
W
raI
O►-d
O
C
_"r
"'>
N
2W
L
L
WrW2d
'SQd
NOAWZY
=r
Z
L
JQ►+
W
rQI
V►+Q
rUWJWOI2
WS
r
WOZN1rOZ
VrQrVWJWOI2WZ1^-
J4V^
+
rUWJW
q2Q
J42S
WS
r
2
r-0ZWJ
rZW2WJW
CWI
:30VI4
rZW
m1t7V
V
Sr
uW
WOZm
WZr
ZW2WJW12
..1
0Q
rN
1YOL
4\J
ZWTWJW1Z
N1
V'4
rV!
KOL
Q\J
2W2WJW12
rl1
U'Q
rVI
QOL
Q\J
2
LO
_
1W0Qr
mO
L
)--
r►•VI
zWq
2
LO
N1W0Q►-
mO
L
>-r^
+JI
ZW
a
Z
LO
rl1W0Q
rIf.
¢O
L
>.r
..H2WC
W\r
COL
N
rZWIO
W
LO
OZ
dJW7
W
mQZOCQZ
LO
}
r
.-.N
ZWO
WrQ2
WOZto
W\r
LO
}
r
«+N
ZL1C
L
VINWZ
xU
.-.Zr
Wa4
=
adZ
W\
r
W
x
2WWitrW
m
nd0
z
O
r4
—
Od
a
1A
W2Y
uw
xr
JJQ3
2QU
WJOqO1
W2WJW1SW
rZ
"
LO
0
W
Z
x
u
—
Zr
U7OZO
u
JQ2QW
xr
W
►>+
►-UWLLW
JQ
QW
r
<!
p
<JV
ZQ
w1JW7
L
VIII-2
0 0 0 0 0 0 0 o w .+ o o 1* o o m m P 0 m0 0 o P D o IA 0 111 m o 0 0 0 0 o O O o O2 o N o A • . • • A N • O o • ♦ 0 0 0 0 0 o m
Z • o o A o 0 0 ♦ O O .+ W • • O O O o oO• W .^ • • O O o O O • • • • •
C
o
N
N N N m`
> Z Y Y O o oJ 4 W Z 2 WO a J r. ►^Z 'U ^ I S WO S
ZY Y N
< V f 2 -
cr
o '"m n °.
< {^ a NW O N
O J J a aCL J G, 4 n iV ^: -1 •+ I W YJ 1 .J z < J O P I F zW A I.• N N 4 4 .v N 0
W W > W a ►+ HJ < J ►- W J N N z ►+ ►- Va a U W 4 t- J m O V W	 `W O a • Z 4 4 J J ►+ ►+ J
•+ W V 2 ►- o O O O 4 U Z WJ Z Y 1 1J a a z O O a :) O O
.. 1- o 0 0 0 o s s t- < O ua J .. -- w n .-. 4 m z t-W W W • d H m u u a W O J Y a	 -'Z m m 2 z a Y O D 4 O «+ •+ 4 a U 4 ►- O
z m W W W O 2 U ►+ H J 6 ►- ►- n I •+ n►+ ►- Z m J O 2 n O 2 ►- O n N N W J 1 a Y ut nJ z 4 O J 4 W N 4 4 0 f W 1- z 7Q O J •+ 1- ►• K n `+ W m n m V Z en J J O Z I w W N4 W m O 1- u K •+ W W J w m 1- N Oa J m O J W a 4 4 J J 1- 7 J — W z OW U W 4 W F 1- Y or V W W V O J 4 1- 1- O z I z W z z►- J 7 4 4 < 4 a D = W N 4 m m to O O O W< W 4 V t► I I a n J to w n I O O O — •+ O_
a O O a W Vl N VI 1- a Q n n 1- 1- H 1- ►- p
w W X O 4 h tL V 4 ►- 4 W a n n a 4 a 4 a 4 ulw W N O O VI U W W 0 O O W I 7 m o J O J O J ZS V) N 1- O N 2 z > O n I 1- W 0 N n 7 n 7 n = OM W W Y Y :D J _ — Y Y z z 1- n VI n VI 1 N J►- z z 1- 1- n m J n a 1- 1- ►- •+ J J 7 J J 9 Z 7 2 7 Z JY Y ►+ z Q U `+ `+ F 4 4 J 4 4 W 4J U _U P VI — J I J J W 0 W w I- ►^ w O ►+ •w -"w z Z W a W W W z Z I a O O N O O O O O O O O x7 I I W W Z 3 O > > W W W w O 4 Q w 4 4 2 z z z z z 4W H 1- O O m U. z w W W O O J n m m 4 m m W W W W W W IO n
1♦ o A O J o o c O O o {'/) O ♦ O O O w m P PO O o O J 4 0 co o O O to to O O O o 0 o O O O
• O N O W • IA N • W o o • ♦ • O O O o 0 0O W • 0 0 :) W A • O A o N U o o .+ W A • 0 0 0 0W A O • W I A • a O O O O O • • • _N N O N N NO co O •
• in N Y Y O O toW O N 1 1 itz 1 z 1- 2 Z -- >
0 4 — " J 1Z d W I Z 4 •r1- I4 O Ow Q
?O a4 0
a W
1 I T 2
NO 4AA •+ Y
~
J O ►^ W u
U ^+ I W W Y >
I u O O n 4 w 2 ►-a z 7 t` J I W w O > U tO O O 4 J O O I O ►. ►+ 74 '+ z J .-. Q z V N z 1- Y OO a 1- O W a W — O O 4 U zJ 4 C d u 7 w a 2 — a :3 OW J O H a 1 t` 1- W J N Vt W 1- 4 O Um U 4 L d A 4 1- J O 7 Q n zJ {^ O J 4 n `^ a I 4 4 J J 4 a W O J Y4 J 4 V 4 W O I 1 7 O d m V 4 Fti a J J Y N W tL 1- O O O n I ^+tY O w V J F to J a z '- O O 1- W J J a Y V1w t` 2 J 0 w 7 O O O Z S z Vf 4 W ►- zY to Z W 0 W m O Z — n w H W O I I W4 a m I z z 0 o a r a t- a U U O J W a 1- N OZ W a O to J W W 1- Z O 4 7 4 O ►+ •+ Y '+ W Z
IH W U. 4 O > V a N J 0. H H W O 2 I Z W zIn W 1- a — •. J w O D n to V1 a w O /- O O O< I :) A W m a H W Z /- J 1- W 0 > 4 4 W r. •+ ..J 4 O W H W W V 7 w W C) U Z VI J J O H F 1- F H HU a O ] Y 3 W W n m LJ a — w w 2 m 4 a 4 a 44 U. W a 4 O t< w W a 7 O — O J O J O J	 {{J n O I d U. O J t` m O J Z •- H n n n m n 7	 4J W tL W 1- W VI 4 4 0 4 W a m I a N a N a Nw 0 0 O O 2 I ' z O I O O 1- 7 Z O z O z	 _FI (A 0 a R z z W 4 0 1- a W n n 0 0 •+ to •+ m ►^vo w w Y Y O O a Y z 4 w ►- a a z1 < z H t< t` d a LL 1- H ►+ W Z 7 7 D W J J J J J JR Z X .-r O ►^ b- I H J VI to J Q 4W O
.V. 0 VI J J J J H VI O .Qi .Qr .+ .4. —r Z Z W W W W • 4 Z I O O 1A O O 2 O C O O O O7 O Z W W O O > > O W W ►+ z 2 m z 2 W 4 4 Q 4 4 4C 1- 1- G O W w w U. Z I O J W {i d W W 0 a a a m m a	 ~
Er3
VIII-3
mOUlO
ZOM
r
VW
J
LL
WO
raOaCL7
V)
J4
OQM
OW3OJJ4
x
a
x
0 0 0 0 0 0 .a o 0 0 0 0 0 0 0 0 o r^0 0 0 o to a o 0 0 0 . . •
• . O Pf o • . O . • . t[1 Af d Op p • • o . o .. .+ 0 .. Ca . o to oO N o N .. d tD d Nf NN
zOr
rQO WJ
< mM r
cr. W <J W a W ¢J O F C WW — W < r m ax r u s < r sN
x ¢ W r W ¢ F
I.- or 2 a a Wx O O r O O O x a. Jr Z r V W w a W x fO W Q W N r d r W W x
z J a s a r x r >W W N z O N W N C9 VJ a z < O a W z z
"- ^a 0 J N r z O V N O J ►WO < a J N Q O " a N I'- u
< W I.- r> x z 7 r < 0 J 0.- Q z LLa z < N Y a d r N O O W W J LLW W J > V Z O 7 u x z x W Wz O 0 r a O a r W W >W < ^+ O x u > Z < z z 0 J W W0 a N r r N a 0 W O O W J \0 o Q z x r u x .. o ra LL z r Z J O /- w r r Z W aO W U W J 0 Z Z 0 < Q < \ W ZLL W 7 z W r z U O Z J J r 3 O
'n LL O W x a V W < =I D z O O _r W J O z an N O J 0 r z N N .-. O Q a N
>	 > Q O Q z O_ Z Z LL W O Na	 J > N V a a Z a x J O .+ .. 3 J 2 "Z Q N O O O O a 7 — r O 1 0 Z►+	 > J W J LL r H O N r a. J J O J 0 rQ Z Q Q r Q w z Q O Q Q r N J Q ttJ J ra Y S_ r Z Q a — J N Z x 4 r Q J a OJ 4 r U a — W r W J D r w a Cr — 7 % WW Z .+ W Z z n z. W O N O a W W O a Z z OX Z x x W a W J Z z J Zo x x Q Z .+ X W ZN	 :y .+ r r J C9 Z 0 LL W H a. t- r r cr. .-. x Q O Wo a
a V zO O P O O O O O O O O W O O O 0 O O C2. dr OW O M O O C', N O O O O O a O O OQ	 ►- O O O N • • Z O O Pf N P O In1 O O • N O O O W O O w • • O P
tn OD InZ
	 .+ nt J
w N Q Jt7	 E Z Q
L Q aO W< O Z
Z ►- W
a c9
t--zW
o u za 0W w HQ a V z t-
z O aW O
r N m F
r W z W O a
z a w to 0W N z a wZ Q a W z O m a > x
w O U O 7 w -> U t-a W LL z — t- N Q a W r Z OV Q W_ r Q r a Q Z >2 J O > Q W a r ^ a W_ w h►^ J J H r CL U O Q r W U J .^J ;Lo !n wW a rY a Q a ►+ VQ x L N >
_J N tl x r W a Z W 1.- O► N W z x o 0 0 a w w w z Ja t: 2 W N Z C U N a x a H W W WW Z a Y Q 0 U r w x 2 >r W O _U a a r ► O 1- w W 0 W4 J H O 4 r x a Q O F V Z J r
x Q L r u 4 r O W z -t -. w Uor a t- Q 1- O a x or 0 z w a QJ O W a a 7 z a O — O a W W dJ F- z a W F a W _l O t_ t- D W \ ZLL Q W O Z :.) x J N Z U H N Z r O .-tI a 0 t` w J 0 z Z V .+ QN tat Q O u r W O_ 2 W C9 O O wt LL J r z u z '7 U z w J Va W O S a Q Y W a O r 7 a tJ 3r 1 aO C 4 O W Q x 7 --- :D O 0 7r > t ♦ 2 a w O r O _.1 F O O J OQ J r J tL J N C O O N W J J Na Q c 1- J 4 w J "- U x Z Q QW x N = r D z t- 7 r-z a z O x 0 W W 4 N .. w w 4 N x O Qw O w 4 U \ \ w z a \ \ w 0 4 4 W0 z 0 a J H ti r x — a F• F- x Q x or x
VIII-4
2O
tiQ
W
r
1
r
0
zWJ
RO
r
a
a^y
z
w0
xUdW
cxW
4Q
NKQW
M
CLd
W
U'Q
n
N
x
r
3OJJOU.
r
0
r
z
ac
CL
w
Mr
zOM
r
vWJWWD
rQO
CL
CL
cx
N
WU
JON
rQW2
W
c
r2WO
zW
n
w0Z
N
z
Q
XWQ
2
rO2WJ
QO
r
a
W2W
c7
4
}
JZO
NQaWCL
Ma
r
O
r
z.
a
M
W
x
I.-
O1
n
N
WU
cr
ON
rQ
W
x
W
2
QO
O
O
r
Jd
C'.W
rWN
NQ3
MN
wJ
m
cr
Q
Q
r
CLzM
w
W
ZO
rUls'J4WO
OW3
J
a
T
E
XQ
S
W
sr
x
UQ
W
a
rO
z
0
e
VIII-5
IxWsO
J
at QW
r Z
W '+
ZQ F
O ^
V)
W W
U as
oa7 YO Q
VI f
r S
Q U
W r
^[ a
a
W to
z wO x
z W
Q U W
x ¢
	
►-
r-	 :>
o iW V)	 wR	 J
o rf a oW W
r x
	 or
m
W W Vl
x J ( W
H D WC•J O S
z O O
W f O W
J W
W r uW x a xJ H J W
7 D
O Vf U O
O W J (r
f U Q J
m u Q
M :)o Oz r
W V7 W 4
W W E
U F- 2
x a N
W W IA W
x < K
x	 r D
►- >	 F0 r z <2 a aC
W x WJ r. ►- ar Y
W U Y W
v ^ v r
ae o zO z W WC 0— U
(n U U a
LL
^ J W a[
4 4 LL :)
W f W VI
x Q
W 0 W
r z u
e	 r ..	 tr
u a ^
z 3 W O
C 41 LA
z J z
xQ Q lJ Q
3 O z W
O LL W r
VIII-6
_	 d .. o ^, .. to
•	 • O n1 rO	 ^ N P1 ♦ 	 • •
Y	 h d .^	 ul
N O P P P z N
r	 o m
	 P P .Od	 U' N t'1 N • Om3	 N	 P	 •d N
Jd
Y'M
v1	 wr/	 eW	 W	 ¢ I
	
2	 O 1	 >
w	 M	 z 
I	 z
1	 u .2
Z	 J
	
2 W
	 w l
	 4i d
	
t7 3
	 > 1
	 •+ S►+	 Z 1	 2	 U ^+w r.-. I	 ►-	 v
	
3 ¢	 w x --	 Ii w
	
O	 J t
	
r	 LL O
	
1- a	 a 1
	 -- ¢ z w --1--	 ¢ a I-	 x I	 ¢	 C s-
	
o :D x	 ¢ 1 w ¢ .- -- 0 >
	
a to o	 w t 3 w a	 z cr d
	 i 1 0 3	 to— 2W r	 2 Z) W W	 r l 11 O O O ¢ 4to 1 3 2
	 l7 N U 3
	 1	 a d Z Wr l	 C7	 .+x	 O I f-	 m w w V2 1 ¢	 W W 7 J
	 Z 1 ^ A-	 z ^+
c^ 1 O w	 3 V O J
	 a IO. M Y > 
H 1 t- 3 !-	 tT V1 W
	 1 I- '1 m O A7 WIJ 1 d	 2 2
	 2	 W I :3 Z
	 Z W3 1 ¢ W (D
	 O r to	 u 1 O `+ O L. W
	
1 W U	 LL to d	 Z I
	
:aA W	 WI- 1Z ¢ w	 W 2
	 a t S x d 1 ¢ J
	
z I w 7 3 ¢ 1- = O
	
J 1 O O £	 O dw 1 t, o
	 o a	 r	 a t I- r > > rz 1	 to w r W J a	 x l d a O O a CO 1 J	 J d x a 2
	 1 ¢ ¢	 ¢ Va n a l a r C	 w	 I- 1 w W r I- W1- n F I r a O O O O Za t Z z a a Z w
	d It O 1 O w C a Z a w	 W 1 W U .
	W w \
	
o n u I r = f ¢ w ¢ c^
	 x t c^	 x = C 1-n
If11
	 ..(^ M M
r If
^ n
C n
n
LL It
O IfII	 P N P O I-- t1 M 0 .D .D	 d I^
Y M	 N o N N m d d to N P to
¢ n i	 o ^	 .D	 to
a II	 1'^	 d d
	 • N N m ..	 • .+ .O
E II	 O	 N
f n
V n
N n
o N ^ r N ^ r 0" O I+ d :o P O I+ o d to O
.D ^D ^ D .o a r	 to	 w o d r r r .
£	 O tr	 N	 .O	 d	 d P1 N toU	 Q' .+	 O	 • to 111 ^ 1'1 ra	 t1 r	 .y
C
C
If
SF
l7
Z
W
J
¢
OH
a¢
Z
O
111 1'1 P r
	 N .D
•	 .D
m d M m m
J	 'D P N	 '+ N
aH
a
ZO
NWO
U
'Y
-+ 	 r
W	 1,
(D	 C
a	 cu
a	 C
W
	
J	 --7O
^	 O
EC O	 W
	
u	 ¢	 LL1	 z	 o¢	 0
.- w
	LL	 O	 a J 2J J	 to	 N	 ¢ D 1--J J or	 1-	 w O O2	 w w O	 1--	 z	 Z O Hx i ►-	 a	 w	 w Z 3t7	 N N a W
	 W	 x	 O	 -Z	 U Y
	 x	 to C7
	 ¢ ZW	 ¢ ¢ O ¢ U W
	
F w
	 Z W ++J	 O O a O C V LL Z
	 Z U,	 '+ d
	
I- I .- I- ¢ O J ¢ O
	 W	 N¢ s a a	 to m D	 a	 E w	 In N I.-C 0 a ¢ LL	 o r	 w U	 w w ZI-- L;
	 W O 1- J N Z J
	 w J ¢ M J J W
a 	 z z	
<w
	 W W W W J W D Z a d Y
¢ 2 w W to w	 f f =) J .J D	 O	 w
w	 N = LL d 0 LL D D O W 0 tl C O
 -.1	 -C Z
	 w	 w W	 O O O \	 UUWw	 LL LL Z tL LL = to LL O O £ I- 1-- J
L LL O O Y C O
	 O £ f	 a W w W w
	
U	 LL LL	 LL IL w 7 \ \ \J ¢ ¢ ¢	 Q T C O 2 LL LL O O x LL I.- N HJ O W W T W W
	 WOO
a I- I- r 1- r t- x i 1-	 Z x LL LL LL w I.S.a w w	 w w ^ I- w T i ►
- r O o 0 o OS	 £ £ W i	 :^ c7 £ ^- 1- c7 Ow o a a to a a
	 z a a o z z	 •> a	 ►. a	 w w
	 w	 w to o 0 0 0 0
	 -O Q O O x C C J J O O 3 J J z Z 2 Z Z
,`t>^^f _^^^r
	141	 - t A.. b^^ : :a^^^•,^^{..	
,,:-	 -. _-	 ..
i^n I i I:niiA lil ^I • A I I^ ^  I ^ A M I^I.11 I i i^nt.:I feI Ai A I
VIII-7
w
PI f•1 In .O o .O o 0 o P m rN N
	 J o = d o o P ^ •
• • m • •
	 O O O O • J
N N t0 .+ O	 • •	 •	 tp
o a
0
m
of
x
c9ZWJ
¢OF-Q
W
ZWO
Q tl
.4n4
allN
.11
D of
an11	 211O of
x
U
	
Ill .^ O O
	 P A O O O A N O O O A d O O
	
11N 	 to 1A	 x	 • • d • • • .r O O N • d dIfl	 U	 VI V1 A N} O .n • • •	 •	 .p
ZOW	 ►^
	
J W	 ^	 ¢
	
• 7 J	 Q	 W O
	
z O C	 Q	 w JW	 2 O	 d	 J UJ Z
	 Z	 W	 /7 O IL	 ul	 O O ¢
	
O `► O 4	 S	 Q Q WO	 O x l	 H ¢
	 J J >x Q S	 ¢ 1	 O W
	 V V O
	
¢ $.- S	 O 1	 Z 1-
	
¢ W V' H	 U. 1	 W Z
	 x x x w	 on
	
W ►- Z O
	 1	 J W
	 ¢ ¢ ¢ m x	 Z
	
M — W `+	 -11  ¢
	 u	 O O O O ¢	 O_
	
J 3	 W 1 w ¢	 ►-	 W 4 4 F O xVI x
	 D 1 1- WS Z O
	 w ¢	 1-
	W !- Z Z	 4 1 W H ►- W F- ¢ J J J J
	 O	 QJ 0	 x W 0 x	 W W W W W J 4 0 ¢Co. Z	 Of Q x Z O ¢1- m > m n 
	 Z W
	
7 W VI V)	 Z 1 H Q W W W W U. w 4 U. Z J H 1-
	
O J W W	 Q I O	 1- x	 4 W Il •+U	 J J	 1	 O	 Z Q 4
 U. IL 4
	
F d Ix	 W t W	 W W W	 O O O O 4 U. J OW z > > V t u Y V u U O
	 O	 W Q
	
\ W O O
	 7 1 ¢ U ¢ x	 N N N W	 L. m J
	
^-- x U u	 :31
 7 O = 7 z Z A 0 0 0 ¢ G 4 UW	 O 1 O J O O	 — w W W W W
	
4 J U. U.
	
cn 1 P m V1 N a m Z Z Z z 1- x 4 4
	
O w O O
	 1	 Y Y Y Y W 1- O O►- 1 r J ►- 1-- J J u U_ U U x 0
• W	 Q I Q W Q Q w W -+	 — w Q z • •O \ O O WI W D W w m 7 x S 2 2 .+ W O O
	
Z H z z
	 x l x 4 S x w 4 H H f- H O J Z Z
N
	.+ s rn .. .-. .. o a o o ¢ ¢ ¢ m .-. d	 Oto N	 N In 0 O O O O N m m m • P	 O
.p	 • V1 Ln 111 O o O o N N N N
	
Z	 f'1	 •• .-. 	 •	 •	 ••	 •	 •	 • m N	 O
	
N	 o O O O
	 .r
t !n P O O O O O O O P 3 J d h 0 O dto	 In O O O O O O O 1- O O O
	 J	 O h
`O	 J d J O C O O U1 ^p .Q ^p 1^1
	
•	 • (ry
.^	 .O .-y .+ .+ O O O O
	 N JD
z Z z z z zW W W W W W
x x x x x x
w W W W W WJ J J J J JW W W W W W
	 3O
w W W W W W
	 J\ \ \ \ \ \
	 WH 1- F H 1-- H
1 JW W W W W W
	 Q Q rd m co- a a a	 U.1 U	 ¢> r r r r r
	 x	 w
r 1- ► 	 1- 1- ►-	 ¢	 xt	 1	 t	 t	 /	 1	 O	 tl orz a z a z a
	 1- u	 .r o
_	 w	 ¢ 1-
	
c c o o
	 ¢ J w QW W W W W w
	 Q W d ¢1- H 1- l'- 1- 1-
	 J	 W
z Z Z z Z Z	 m W W Z
	
4' 4' W W 4 W	 V J J W
x x Z x x xt9	 (9(9	 z z	 z	 >	 J (9CD C7	 w	 w W2	 Z O O z OW W W W W W W	 W W Z cc O ZVI V1 V1 V) {n V) x x x x
	 S — f —
	
W W W W d
	
►-2 ¢ ¢ ¢ m ¢ Q J J J J ¢ ¢ Q Cr VI1- O O O O O O W W W W W O J O ttlW (9 W U. 4 IL W U.
	 G 4 J w J
W 1 J J D W
	 W2 S 2 2 x 2 a m m m W Q 2 Q
	
\ 1 O 7 O J 1- 1- 1- 1- 1- 1- r >• r r J U.
	
W O
	
1- 1 O O O
	 0 0 O O 0 V r r 1- 1- D ¢	 ¢ u1 O O x 1- Z Z z Z Z z 1 1 t 1 O Q J QO 1 f x
	 z W W W W W W Z 4 Z d O <	 WZ t	 4W J J J J J J
	 x VI x u1 \Q I 4 4 O x
	 4 4 U. U.	 VI ¢ 0 1-1 O O	 W	 ^+ N N M rn O C O O 4 O W OW 1	 x J	 O J S J U.J 12 x H W I•l W W W W W 2 2 S 2
	 r	 O
	
D 1 r 1- O
	 O 0 u' O O (9 1- r r 1- Q 1-	 1--
c 1 2 O z w Q QQ Q a C d d O _O U.1 Q O QO 1 WW \ 1-- 1- ►- H r t-
 WW —	 ¢ W Z W OZ I O 3 J H w V1 VI 0 V) V)0 O 3 3 Q x d x Z
QHQO
zO
V:
WO
V
¢N HWW	 S_
c9
	
0
wfl
r
VIII-8
r d N F r c P F .+	 d P s
^A aD N p o • •	 • • •Z P P O O d 1'f O ¢	 P) M f^►. • • • • O O .+ N N N
•
O
.+ r o P F O o N •+ O	 d N d O
r N N .+ o N N P o	 d N d .+U • • • • r O N .p N	 d N dN ^ N N -O O	 f7
x J
..a
► J17 W ^ ►-
z J x ¢ tr
W J N O OJ W 1- tl H d
x o ¢ a a a
o a a° (A a viit- o a aQ Z W O J J W¢ 4 U N 4 Z Vf U
W ¢ w O tr
z I- 1 W ^ O O •+ W 7W ¢ u O z 4 Z F U 0OO O 1 ¢ N W ¢ 4 O ¢	 ►- ¢ N 0
a 1 J .. o	 ¢ z
CL / o ►- I- t- D 1- ►- a	 o o O7 1 N a 0 N N a ¢ 1- a	 a N a win 1 w z z z J o a D	 a W 1-1 ►- x -^ D a o N	 :3 1.- x a
w l 4 4 Q N n. a VI Q G[
u t w z 0 0 J z O d ¢ w J W¢ 1 x w a a a .» 0 :D o	 ¢ x a I-
= 1 W VI U.	 O — —
O 1 z 3 Z z O 0 ¢ w O OVI 1 W F O O 4 Z O O W Z Q z1 W W ¢ W w z J O W ¢ OH I 3 = H H W co	 W ►^4 1 ►- u u ¢ Y W 4	 ¢ ¢ Q H
w 1 w z W W O O J ¢ J O O 4T 1 w O J J w W w O m w U. J1 ^-a 4 IL 4 W Q	 O :D0 1 z I. w W 4 Q J >	 W 4 Q N
z l O 4 O O W W O 4	 ¢ w W za l Q ¢ ¢ 4 W ¢ ¢ w1 H 4 w W 4 4 ¢ 4	 Q 4 4
Z 1 4 IL U u 4 w W O
O 1 ¢ W ¢ 'x VI N ¢	 ¢ "n N z► 	 t 4 N 7 :D VI N 4 C 4	 4 N N WO N ►-	 1 d O O O O W W O OW N 4 1 W J 0 0 J J ¢ ¢ J J J J t►
^ 11 J 1 VI Q Q Q	 Q O2 N 7 1 r f H H F 4 ►- ^-
^+ N V:	 1 C C Q 4 a 4 O W O	 O Q 4!! z l z 4 w W W W Z ¢ Q	 a W W O
z II x x Z
O NU 11 d
- 11
u
Q H K` N N f'1 ^O P r F P Oh 11 t1 .-^ O N N
a N Z c O rn • Z O .-^ •O 11 .^ • • F F F • d d
H 1111
a n
^ N
^ NO n o o O N 10 m F 10 o N N r r N	 .+11 N M r1 N .O d N F 0 .O
r O O N r O NU A • • c N ^ U tli d • O
w
J J4	 a
z	 Z4	 4¢O W ¢ ¢
O O
T W J JZ ¢ r W J 4	 41 .-+	 1 O r 4 J 1 x Wi 1 U. ¢ 1^ H J 1 N x O O
i Z I O O w 1 N 4	 a
z 1 O 1 J to O x I ¢ ¢	 ¢►+ 1 U I W c Z t.	 1 0 ¢1-	 1 1 H : J H 1 V: I-- c ¢	 ¢Z t 1 Z W W ¢ 1 VI 4 1- O	 OO I r l W 7 x 0 O O 1 x W ¢ 4 U.	 Wu l ¢ i r W W H 1- r 1 1- Z w ¢
`" 1 O 1 U N O Z H a l C7 X Z W VI	 V11 w 1 W li Z W 4 ¢ 1 Z u W Z G	 Z4 1 1 N In O W r ¢ W 1 w 0 W C1--	 1 J t J C^ W Z 1 J x ID _4 1 w 1 r O x r W t .- 1- w 1--	 F0 1 D I ¢ r I- x in .. CD I ¢ x o U. a	 41 w 1 O 0 ¢ 1 O C7 W O ¢	 ¢Z l 1 IL r Z W o r x o 1 1- .. N ¢ w w0 I o f z w x w w ¢ I.- z 1 4 w 4 w ¢ I-	 ►-1 z 1 J W J D x O C9 a l ¢ x CC 1- w ►-^	 ►+V: 1 4 1 W f J J w Z 1 w W I-W 1 1 O I Z O J W W C 1 Z Z Z 1 W ! a)	 JO 1 W 1 U. ¢ 0 > O 7 J J 1 w r. r a x C7	 JI u 1 u > w W w 1 (D w 4 4 ¢	 4
u l ¢ 1 tL z w r ^ r 1 0 ^ a	 r
^+ 1 7 1 O u a Z w W [Y CY	 I J ¢ ¢ C J	 fnin a I C 1 Z o O o 0 1 J o o w►- 1 N t x x w k a 1L W .-	 1 a r r o w W	 lLw w I 1 1- ¢ _c o a 1 _a a c o 0C7 x l H 1 O 17 W J J J 2a O 1 a 1 z z _) w W 1- • W O I w O O r Na w I w t w w 0 > > a o D ^c	 I > 4 4 =) z o 0J'	 I x 1 J J F IL 1, ¢ Z la ¢ 1 c ¢ a O — Z	 Z
M N NI
x
CC
H O
r J W W
x Q xO hr 4 z W	 Jh+ S 3 4 J	 WUVI 1 3 1- cr O	 w►-	 I 4 4 W O
x l Z f Z J S	 OO 1 O W 1 7 zby 1 r \ 1 W W 0 W	 4W 1 4 h-	 I \ \ O \
3 1 CC 1 r 1- x r	 W1 w O L UI- 1 Z z I U. W W W	 CCZ I W 4 1 O O O OW 1 O 1 0O	 Z 1 W 1 ►- r r ►-	 1A
W	 Q 1 4 m 1 O 17 O 0	 rO	 x I I- O I — — "	 Q4	 0 1 O 01 W w W W	 WCL	 U I 1- Y I 3 3 3 3	 x
A N
hr
	
I-	 O r
	
x	 r Z
	
t7	 4 L9
	
H	 J .+
	W 	 r	 Q O	 m W
	
3	 Z	 W 4 r 4 3
	
r	 ►Oi r h
z
+ u 0 Y J
	
r z	 W r x J	 — m 4
x W 1.- 3 x t9	 R W r r
x x	 0 " O W 3 z O0 U' z H W 4 r W r
W w w by W 3 J = O w3 N w m 3	 u O 4 m W
Y I ; J w u W W u I.I. aQ Z Z W Ct? O O O
	
O ^
O O ►+ > > J	 Y	 O
W w Q W r m r r Q r V1
x x 4 xJ J J O J J O tO x O r
W W W 4 W W	 ^+	 ►^ Q
> > > J O 7 W w CC W W4 w L. u ti w 3 3 a 3 x
i
i
i
i
l
^t
1
f
i
i
i
i
1
I
0
0
a
I
r
t7
2
W
J
m
O
rQQ
Z	 JW	 Jt7	 w
2
IA
Q
O
h
4
tt:
w
z
W
z
4
zH
2
O
r
	
^ N	 4
	
O q	 hw
	
wn	 o
	
^ a	 a
a
	F 11
	 PI
z a
O 11
u It
^ 11
	
4 q	 O
	
I- n	 t^	 r
	
Q 11	 Y	 •
	
oil
	 4
	
u	 r-
rn
to
a n
r it7 a
	
O p	 ^
m N
J
^o
r- In
C: F
PI to
e ^D
A ^O
m NA
1L
t
t
i
L
t
C
	
r	 i
	
x	 c
r M ►
x W
	
tv s	 L
M	 ]
W J
	
3 J
	 CW
	
Z Z	 ^
	
cc	 F
O 0
r 4Q Q
H 
W
	o z
	
u
4 w
	
Q M
	
h
r
^ to At/1 O m
A
0% r A NN d A A
	
^	 A
F
O
r .+
T W0 3
W r
3 CC
	
r	 o
r 0 O j
x w m Nr, s a
•+	 7 W
w z vl us 
hOi W n
O Q ^ toh+ J ^
r ^ O rQ V1 h Q
	
J 2	 W
VL	 Q
z J W J
.+ 4 x 4
	
M	 ►•
o O o 0
z 4 z 4
W 1Z W Q
GY
m
J
VI1I-9
	t1 N o r1	 O O^ f+1 Q O M o O 4 0 .p
	
^+ N O A	 1^ N O O N f'1 O O C O ^
	
•
	
•	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •
	N1 P O f+1	 rf	 to r o o .o o NA	 ^	 d
	m .  M	 m a .o a to t+ o 0 0 o A
	
O P O lT	 O O m o f7
	  N o W	 o	 A m o o 14 o 4N .+	 N	 Ih	 .. PI
	 .+	 P
Y
aC
P.-ZW
Z
a
aW2
r
O
za
W
u
z
aJQin	 m
W	 F-O	 QQ	 W
CL
	
I
M
w
VIII-10
z0
rQJ
D
Vl
z
z J
a a
u _u
W a	 N
.^ J 1.-	 .^
T O W TV O J	 F
Z I W	 '+
W InI x	 z
U
w 1 U. 0 0\ 1 LL ¢ a	 or
F	 1 W I Z	 W1 r r	 3
of W O2 1 J 0 W	 a4 1 a VI N1 7 O O	 WW 1 O J J U
1 u 47 1 r F	 LLO 1 W Q •i	 ¢O 1 \ W W
f 1 F I I	 VI
O
N o O
N d O .O O
VI	 • • 17
r	 m 0 .D P O
r m r • N
< N N3
r.
r¢
O
r a¢ a
o m
a V►
a
^ W
V1 U ...¢
w > >
u O U
at VI Z
^ W
o r .r
VI a UW w
r x wQ V1 LL.W J VI WS a O
J O
O O Z J
z a r .. WW ¢ Q ¢ >W W WS S I W J
19 O Z7 O
u
H or
O O 'V W
a ¢ r Z 3I S ►+ W O+- r VI a
< OVI VI or W ¢VI Vt Q F- OO O a J 1 < rJ J a l J <
J ¢ 1 7 a
F F Q W 1 u w< a F z 1 J Z
^T I IA 1 V I!I
m
?, o w In d	 o
.. o p .. P
N	 .O • 0
F-	 o o LA d T	 .oF-	 • F- N	 •
3 d
O
N
I
F•
C!
Z
W
J
¢
O
r
W
z
W
O
^. q
O q
W N
^ 11
2 M►^ 11
F- N
z NO 11
un
... p
a n
r tl
< MO 11N
r M
^ N
a n
^ u
^ n0 u co a
.. C;
In N
P
N
o to Mti P o 0
O^	 M
Y¢W
z x
c a
r ¢
a w
J a
z :3
J
2	
zr ►+ DO a	 c
J ILI OF O 0 x
d in O
J z W x0 .-. a OVI	 a
Z J w LL
r^ d JN ] 2
c 0 n o
Z Q oW ¢ x rQ
x x x r.C7 C7 O O I
O O O a
a ¢ a
Z x I Y
r r r m l
N VI	 V1	 VI IVI VI V/	 InO 0 O OJ J J J I
F- F- r	 F- Id Q Q QW W W W I
x I x x
Z
• U
U U
M
• m
v^
ut u
a ¢VI W WF- a a
z..
^ x I
rr
Q
z In vl
U r F-
wca
O 3 3
V N (1
7OCLL
I.A.
4
c2
a
WU
CV
d
w
x
N
T	 1
a	 4
01-	 f7	 0
Z	 C
W	 F
> >	 a
z r	 O
w	 y
J Z
	
LLQ W	 l'
f O
a	 C
w a
	
zZ W
	
a
r 3
O	 `
w a
U	 LL
a f7 ¢	 ^O O
	 C
VI W	 F
F Jd W CW	 dX	 LL	 CI
y
m
InO
zW
JJ
N W
z x
.,	 In
w
cr
a O
o r
.- a
a ¢WO ZQ W
a In
Y >
m m
o OW W
CL a
Z Y
D
O O
rd 4
W W
I x
I.C
a0
4
II
IL
C
c
u
F
y
7
C
e
C
F
v2
d
♦ 	 f
	
♦ • 	 •
o	 •a
	- a	 •a
a
•
♦ 	 •	 If
o	 •a
i
•o1	 •a	 •a
a a
a
•a
VIII-11
X
IN
z
♦
r
n
0
IN.	 o
nJ ON O
a
r
N
• O
p ••
J oJ N
S N
N
O
a
o
O1 t
n n
M
1•.
Q O
a N:z if
r 4;
c^ c1
W 7
J c CN
x C
O r oC
!- S .-CC
W ♦
z If
4; JC: C G
r
• C t
V. ►-	 Ir.
N
P.-
z
V
w,	 oW	 ••
2 U
IN
r	 .•
z
W
z
0
a
o
c
IJ	 G
PG V,
z t!C J
ec z
r o
7 Z n
;.1 -1)	 a
Z •+
W 4;
0 Y
c	 1
CIr:	 1 1
11 1
1
1
1	 • •	 • • 1	 ^C X.	 K X	 X XC 1 K	 X K	 >: >;	 Y. X	 X	 1 1
c
C O C C C G C	 C G C G
If r` C n V r- G	 IN tl I, C.
.- .-. r .-. f.	 n h n f^•
L k 7. V t: C r c C_ J t< < f 4_ a V.
ii
i
i
i
i
i
i
APPENDIX IX
PROPERTY-TEST EQUIPMENT
Seebeck Coefficient Probe
The Seebeck voltage probing apparatus used to measure the Seebeck
voltage of the surface of an element is shown schematically in Figure IX-1
and as photographed in Figure IX-2.
The apparatus consists of two reservoirs with copper electrodes
attached to the base of the reservoir as shown in Figure IX-1. The two
reservoirs are maintained at 0 C (using a mixture of ice and water) and
at ;^0 C (using the boiling point of water), respectively. A digital
voltmeter is connected to the electrodes to measure the potential differ-
ence. A voltage (Seebeck voltage) is generated between the electrodes
when brought into contact with the surface of a thermoelement. The
effective temperature difference during such a measurement is determined
by contacting the two electrodes against a Constantan standard which 13
sized appropriately to yield a heat-sink capacity similar to that of the
thermoelement which has much lower thermal conductivity. The voltage
generated during this check is referred to the tabulated Seebeck char-
acteristics of Constantan to obtain the corresponding temperature
difference. The Seebeck coefficient of the thermoelement is determined
by dividing the measured Seebeck voltage of the element by the temperature
difference determined using the Constantan reference material.
"'••-Itmeter
Ice
thermal
nsulatiort
Specimen
FIGURE IX-1. SKETCH OF SEEBECK VOLTAGE PROBE APPARATUS
IX-2
IA ^
I7:-3
FIGURE IX-2. SEEBECK VOLTAGE PROBE APPARATUS
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IX-4
Therrral-Diffusivity Measurement Apparatus
A photograph of the thermal-diffusivity apparatus is sho-:^r in
Figure IX-3 and a schematic of the principal parts of the system in
Figure IX-4. This thermal-diffusivity equipment involves the single-
heat-wave of flash method, employing a laser source for the heat pulse.
Basically, the method consists of subjecting one face of a thin specimen
to a short-duration thermal impulse and measuring the time-temperature
history of the back face of the specimen. The thermal diffusivity is
calculated from the specimen thickness and the time required for the
back face of the specimen to reach one-half temperature amplitude (t1/2)
from the instant of thermal input from the laser. The back face of the
specimen is monitored by a lead sulfide radiation receiver using suitable
optics. The specimen is a small disk nominally 3/8 in. in diameter and
from 0.01 to 0.07 in. thick. A furnace is used in the environmental
chamber to raise the temperature to the desired level prior to the ther-
mal input.
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